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ABSTRACT

~ Three studies were completed to evaluate four alternatives to
the disposal of $ntact spent fuel assemblies in a geologic repository.
A preferred spent fuel waste form for disposal was recommended on consi-
deration of (1) package design and fuel/package interaction, (2) long-
teru, in-repository performance of the waste form, and (3) overall pro-
cess performance and costs for packaging, handling, and emplacement.
The four basic alternative waste forms considered were (1) end fitting
removal, (2) fission gas venting, (3) disassembly and close packing, and

' (4) shearing/immobilization. None of the findings ruled out any alterna-

tive on the basis of waste package consideraticns or Tong-term performance

i §f the waste form. The third alternative offers flexibility in Toading

" that may prove attractive in the various geologic media under consider-

tion, greatly reduces the number of packages, and has the Towest unit
cost. '

These studies were completed.in October, 1981. Since then
Westinghouse Electric Corporation and the Office of Nuclear Waste Isola-
tion have completed studies in related fields. This report is now being
published to provide publicly the background material that is contained
within. ’
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1.0 INTRODUCTION

National policies, announced in 1977, indefinitely deferred repro-
cessing of spent fuel from commercial light water reactors (LWRs). Since
that time, the Department of Energy (DOE) has redirected its program for the
'deve1opment of a disposal capability for high-level radicactive reprocessing
wastes to a disposal capability for either spent fuel or the high-level
wastes resulting from reprocessing. Disposal of spent fuel or reprocessing
waste in mined geologic repositories is being considered as a means of pro-
viding long-term isolation of radionuclides from the biosphere. '

The Office of Nuclear Waste Isolation (ONWI) serves as the 1egd
salt repository . contractor in the Civilian Radioactive Waste Managemeﬁt
Program (CRWM) geo]og1r~repos1tory development effort and h2s responshili-
ties for program coordination and for developing the criteria and technology
for permanent disposal of high-level nuclear waste, including spent fuel
elements from commercial power reactors. Of particular impd;tance to the
program is the waste form, due to the impacts it will have on all repository
operations. '

The baéic designs of facilivies for the geologic disposal of spent
fuel have considered handling and disposal of unmodified spent fuel
assemblies. The possibility, however, that spent fuel may be stored in a
modified form prior to its emplacement in a geologic repository has been
considered. Some prospective advantages of various possible modifications

are:

(1) minimization of the actual volume of the spent fuel
package for d1sposa]

2 (2) venting fission gases from the spent fuel prior to
’ disposal, /

(3) optimization of thermal 1oading in the container, and
(4) immobilization of the spent fuel prior to disposal.

An assessment of the possible modifications to the spent fuel assembly has
been made in order to determine the relative advantages of each and to select
a reference waste form. )

P)
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The jssues related to modifying spent fuel fall into three areas:

_ (1) -the re]at10nsh1p between the spent fuel waste form
0 and the repository waste package that contains it,
(2) the impact of mod1fy1ng spent fuel on the packaging and
: emplacement operat1ons, including technical, operating,
safety, and economic considerations, and

. Vv
(3) the long term, in-repository performance of the waste
~  form. ‘ -

Four alternative waste forms have been identified by the Department

of Energy (DOE) as candldates for use in geologic disposal (1). Each of these'

alternatives has been assessed and compared to the unmodified spent Fue]
assembly in each of theﬂthree issue areas in order to determine the relative
merits of the modification. This report presents the results of these
assessmentsrénd a recommendation for the preferred waste.form. The specific
alternatives which have been studied are: (1) end fitting removal, (2)
fission gas venting and resealing, (3) fuel disassembly and ¢lose ‘packing of
fuel pins; and (4) fuel shearing and immobilization in a solid matrix.

W

1.1 DEVELOPMENT OF PREFERRED WASTE FORM

ONWI initiated parallel studies in each of the three issue areas

identified above to assess each alternative spent fuel form and recummend the

preferred waste form. Each issue area wajp addressed by a different
contractor. This section discusses the obJect1ves and methods of each study.

1.1.1 Effect of Spent Fuel Waste 'Form Alternatives on Waste Package

Design »

A variety of package concepts employing the multiple engineered
barrier approach are being considered in a study by the West{nghouse Advanced
Energy Systems Division (AESD), which has as its goal arriving at the best
package concept for waste form and repository rock type (2). Although this
study is not complete and waste package concepts are still evolving, a package
design concept developed by AESD was selected as the standard, or reference,
package. Effects of the alternative processes on this package were studied by



AESD; factors considered were those relative to containment capability,
radiation safety, handling safety, retrievability, which constitute subjects
of regulatory design criteria; the study also included non-regulatory issues

such as standardization of packages and package costs.

1.1.2 Assessment of the Impacts of Spent Fuel D1sassemb1y Alternatives on
the Nucleer Waste Isolation System ]

E. R. Johnson Associates, Inc. (JAI) conducted a stud’ on the
impacts of the four alternatives on the nuclear waste isolation system (3).
Assessments were made of the impacts of each disassembly alternative on the
technical, cperating, safety and economic aspects of all packag1ng and
repos1tory operations.

Each alternative was compared to d1sposa] of uninodified spent fuel
- the Reference Process.  The technical assessment of each alternative
included detailed review of the packaging facility, process and equipment;
the repository facility and equipment for transfer, emp]acement, and
retrieval; the spent fuel storage facilities and equipment; the volume and
characteristics of secondary wastes produced; and the safeguards consider-
ations.

[

Operational factors pertinent to each of the disassembly alter-
natives which were considere” .ere the complexity of the priocess involved; the
operational reliability of the process - and auxiliary equipment; the
complexity of required operating controls and their probable reliability; the
extent of in-process handling of radioactive materials; and the methods for
establishing suitability of product.

A three part assessment of the radiological impacts of each of the

| alternative disassembly methods included consideration of handling,

packaging, and disppsal, and evaluated near-tarm radiologizal impacts for
occupational exposure, near-term radiological impacts for non- occupat1ona1
exposure, and long-term radiological impacts.

An estimate was made of the cost of each disassembly alternative in
terms of the incremental capital and operating costs (including packaging and

i
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emplacement) associated with the individual disassembly alternative relztive
to the Reference Process; estimated ccsts of reference disposal facilities
and the cost of operation of the Reference Process served as a base for this
jncremental cost determination. i

A Figure of Merit (FOM) was determined for each disassembly alter-
native which constituted a weighted evaluation of the technical, operational,
safety and economic assessments thereof, and a comparison was made of the
FOM's for the disassembly alternatives to obtain the preferred alternative.

1.1.3 Assessment of Spent Fuel Form/Stabilizer Alternatives for Geologic
Disposal (In-Repository Performance)

Hanford Engineering Development Laboratory (HEDL) was selected to
assess the expected relative in-repository performance of each waste form in
combination with its associated generic stabilizer type (4). Four fuel forms
and three generic stabilizers were considered in two plenum pressure states,
for a total of 13 discrete assessment waste forms. The study focused on
determ1n1ng whether there was any expected interaction between the waste
form/stabilizer and can1,ter which might cause premature waste package breach
or waste form degrad tlon, and on assess1ng the relative ability of each of
the proposed waste forms to resist radionuclide migration after water
intruded ‘QF° a breached waste package.

A set of criteria was developed and the performance of the waste
fo. as was assessed with respect to these criteria for the intact waste package
per1od (first 1,000 years) and the breached waste package period (post 1,000
years) A relative ranking was given to each waste form.

1.2 SCOPE OF THIS REPORT

Although each of the three studies described in Section 1.2 was
independently accompliished by the three contractors, there was interaction

+ among all three throughout the course of the studies, with coordination
) provided by ONWI personnel. Each study reached certain conclusions indicated

by the results of analyses and evaluations in the area of concern assigned to
the respective contractor. In all cases, the conclusions led to positive



T T30

R e T e

S s T

recommendations concerning preferred waste forms. The recommendations were
in most cases qualified, either explicitly by the authors, or implicitly by
reason of collateral information provided. This report is dintended to
sumarize the three independent reports as each relates to the objective of
recommending a spent fuel waste form for disposal; it presents the pertinent
conclusions and recommendations from each independent study as well as the
joint recommendation.

A1l of the issues which formed the bases for the three studies must
be collectively assessed, as none individually provides all the input
necessary for the selection of a preferred waste form. Neither are the
three issues totally independent of each other. Whereas each study reached
conclusions relative to the issue studied, it was desirable to put together a
summary of each with the methods employed and areas studied, and combine those
areas of overlap within the studies.

Section 2.0 of this report provides an Executive Summary of the
three studies. Section 3.0 presents a description of the reference spent fuel
assemblies and possible variants thereon, and provides basic information on
the reference package employed and how it was developed. Section 4.0
describes the four alternative processes which were assessed, and provides a
summary of the technical, operating, safety, and economic assessments of
these alternatives in comparison to the Reference Process. Section 5.0
summarizes the evaluation of the near- and long-term performance in the
repository of the alternative waste forms in the reference packagé. Section
6.0 provides an overall summary of the comparisons and presents a
recommendation for the preferred waste form.

4
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2.0 EXECUTIVE SUMMARY

Three studies evaluating alternatives to the disposal of intact
spent fuel assemblies in a geologic repositqry have been completed and
summar ized in this report. These studies led té\g joint recommendation of a
preferred spent fuel waste form for disposal based“aq\ifnsideration of::

(1) package design and fuel/package interactfﬁn,

(2) 1long term, in-repository performance of the waste form, and

(3) overall process performance and costs for packaging, handling,
and emplacement.

The four basic alternative waste forms which were addressed were:
1) End Fitting Removal
z) Fission 635 Venting
3) Disassembly and Close Packing

4) Shearing/Immobilization

Based on evaluation of a reference waste package employing the

multibarrier design concept, it was concluded that each alternative process

under consideration could be accommodated equally well by the reference
package, or minor dimensional modifications thereof, and that there were no
significant interactions between the waste form and package involving any of
the candidate processes.

“The long term performance study examined thirteen variations on the
four basic waste form alternatives, taking into account such factors As
support against lithostatic pressure, hazard to canister from fuel pin pienum
gas, heat transfer, cladding degradation, radionuclide retention, migration
barriers, and criticality. With regard to the waste form/particulate

stabilizer combinations employed in the systems study, the ratings indicate

~that the Reference Process and Alternative Processes 1-3 are approximately

equiva1ent on all factors except stabilizer heat transfer and resistance to
lithostatic pressure; Alternative 4 1is rated highest on resistance to



} Jithostatic pressure and between Alternative 3 and the others on heat
transfer. In the Final Draft Report of the in-repository performance study,
HEDL recommended the intact assemblies with a solid stabilizer as the most
desirable form, wiin a suitable alternative being the close-packed, bundled
rods with a solid stabilizer; the particulate stabilizer was down-rated
primarily due to its deficiencies in resisting lithostatic pressure. No
criteria were presented for acceptable performance in this function, hence no
basis exists for rejecting any of the waste forms on this factor.

The process evaluation study assumed, for purposes of identifying
facility requirements and operating costs, that the Reference Process and
Alternatives 1-3 would employ a particulate (sand) stabilizer; this selection
was made early in the program. Conceptual processes were developed for each

of the alternatives; this was followed by an assessment of the impacts of the
alternative processes on the packaging, handling, and emplacement system at
the repository site. This assessment included a technical evaluation of the
processes and equipment involved in each of the alternatives, an operational
analysis, an assessment of safety/risk factors, and a comparison of the
overall economics of the alternative brocesses with the Reference Process.
Based on these assezsments, Alternative 3 ranked highest in the operational
analysis and in economics, which on balance, made it the first preference over
the Reference Process and the other alternatives. Alternative 3 entails a
more complicated packaging procedure than the Reference Process, but it
permits a reduction of 65 percent (relative to the Reference Process) in the
number of packages which must be handled and emplaced. The reduction in
overall cost afforded by the reduction in the number of packages required and
in the level of operations both above ground and in the repository resulted in
the conclusion that disassembly and close packing of fuel pins is the optimum
method of preparation of spent fuel for disposal. A similar reduction in
package requirements and level of operation would result from pursuing
Alternative 4; it was, however, ruled out by reason of its even greater
complexity and major uncertainties as to the operational feasibility of
several of its process steps.
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3.0 PACKAGE DESIGN

The spent fuel package can be defined as everythihg that is placed
in the repository borehole. The package design used here is based on the
concept of muitiple barriers to the release of radionuclides. There are a
number of barriers to dispersion of the radionuclides present in spent fuel,
starting with the ceramic fuel itself, and followed by the fuel cladding, 99
percenf or more uf which can be expected to be intact at the time the fuel
leaves the reactor. The first sealed barrier beyond the spent fuel itself is
the canister into which the fuel assemblies are loaded. The canister also
contains a stabilizer in order to assist in providing internal support against
lithostatic pressure. The second external barrier is the borehole-liner; the
liner is separated from the canister by sand filler and from the borehole by
bentonite backfill. A shield plug above the fuel assembly caniste: provides

radiation protection in the vertical direction, and the liner is sealed by a
welded cover plate above the shield plug.

This section will describe the fuel to be packaged, the package

design constraints, the details of the waste package, and the influence of
waste form on package costs.

3.1 DESCRIPTION OF FUEL TO BE PACKAGED

Commercial light water reactor (LWR) spent fue? discharged from
either boiling water reactors (BWR) or pressurized water reactors (PWR) is
contained in fuel assemblies designed and fabricated by:

General Electric - BWR fuel,
Westinghouse - PWR fuel,
Combustion Engineering - PR fuel,

Babcock and Wilcox - PWR fuel, or
Exxon Nuclear - BWR and PWR fuel.

The spent fuel will typically have been out of reactor 10 years or
more, although minor quantities may be only 3 years out of reactor.
Irradiation exposures (burnup) of 27,500 and 33,000 MWD/MTU for BWR and PwWR
fuel, respectively, are anticipated.

11



Spent fuel assemblies consist of end fittings, spacers, and support
hardware in addition to fuel pins containing the actual spent fuei. Ancillary
components represent a significant percentage of the assembly volume, and the
end fittings significantly extend the nonfueled length of the assemblies. The
primary differences in fuel assembly configuration are those inherent in the
BWR and PWR fuel. Minor configuration variations within each fuel type are
attributable to the design philosophy of the various fabricators, and to the
use of shorter assemblies in the earlier, lower-power reactors. The current
1,000 to 1,150 MWe LWR fuel designs have essentially become standardized
concepts, and are unique to each fabricator.

For the purposes of this study, the Westinghouse 17x17 and the
General Electric BWR-6 fuel assemblies have been ‘selected as reference
designs of PWR and BWR fuel. The minor variations from the designs of earlier
fue? assemblies or from the designs of other fabricators are not regarded as
significant to this study. The reference designs, along with these
variations, are described in Sections 3.1.1 and 3.1.2. The physical
characteristics of the reference fuel desighs are given in Table 3-1.

"'3.1.1 - PWR Fuel Assemblies

The Westinghouse standard 17x17 fuel assembly design contains 264
fuel pins, 24 guide tubes, and one instrumentation tube in a 17x17 array.
Guide-tubes provide axial structural support between the upper and lower end
fittings and fix the spacers at their vertical positions. The guide tubes are
fastened to the lower fitting by means of cap screws which pass through the
end fitting web and through sleeves (which are brazed to the lower spacer and
serve to fix it in position), engajing a threaded insert in the guide tube.
The cap screws are secured to the fitting by welded pins. The upper end
+fitting is welded to sleeves which are brazed to the top spacer and are fixed
on the guide tubes. Fuel pins are not in direct contact with either end
fitting. Lateral Tuel pin spacing is maintained by the spacer assemblies and
axial fuel pin positioningxis achieved by spring pressure applied to the pins

)
o
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TABLE 3-1

PHYSICAL CHARACTERISTICS OF REFERENCE LWR FUEL ASSEMBLIES

Reactor Type BR PR

Fuel Designer GE Kestimghouse
Fuel Pin Array 8x8 17x17

Fuel Pin Bundle Assembly

Overall Length, m 4.470 4.058
Maximum Envelope, emd (13.9)2 ) (21.4)2
Fuel Pin Pitch, em 1.63 (b) 1,26 (b)
Kumber of Fueled Pins 62 (c) 264 (f)
Integral Poisor Pins yes (c) no (e)
Wefght - Fuel Bundle, kg 275.7 €65

Weight - 002066203. kg 208.0 N/A

Weight - 002, kg 207.5 (d) 523

Weight, U, kg . 183.3 461

Keight, 2¢rconfum Alloy, kg 57.9 127

Wedght, Other Alloys, kg 9.77 15

Weight, Total Metals, ko 67.7 142
Materfal - Fuel Clad Zirc-2 (b) 2irc-4 (b)
Material - Pofson Clad N/A 304L (f)
Materfal - Guide Tube N/A Zircaloy
Material - Water Rod 2irc-2 (e) K/A
Material - End Fittings SS 304 (f)
Haler;ia! - Spacers Zircaloy Inconel
Mater{al - Burnable Pofson cd203 in o, (c) Borosilicate {f)
Material - Control Elements B4C (c) ! Ag-1n-Cd (f)

Fuel Pin Assembly

Overall Length, m 4.064 3.84
Active Fuel Length, m 3.759 3.658
Pin Diameter, mm 12.27 (c) 9.5

Clad Wall Thickness, mn 0.81 (c) 0.57 (b)
Pellet Diameter, mm 10.41 (¢} 8.19 (b)
Radial Gap, mm 0.12 {(g) 0.084 (b)

K/A = Hot Applicable 4

(a)

(b)

(c)

{d)
(e)

(f)
(s)

Bechtel National, Inc., An Assessment of LWR Spent Fuel Disposal Options, ONWI-39,
Vol. 3, p A-14, July 1979

Anerican Nuclear Society, American National Standard (Prouosed) - Desfgn Criteria
for_an Independent Spent Fuel Storaae Installation (Water Pool Type], ANSI/ARS-
577, Epenélx G, p (J;-Z, November 1978

F. D. Judge, J. Jacobsen, Y‘D. R. Wilkins, J. B, Carr and S. R. More, Latest BWR
Designed for Improved Operation, Nuclear Engineering International, Vol. 25, pp
3T-'3'g and 41-42, Scptember 1980

Included 0.5 kg 21lowance for Gdzo3 as in (c)

W. B. Weihermfller and G.”S. Allison, LWR Nuclear Fuel Bundle Data for Use 4n Fuel
Bundle Handling - Topical Report, PNL- » Battelle Pacific Northwest Laboratory,
pp 25-29, September 1979

Portland General Electric Company, Final Safety Analysis Report, Amendment 13,
Table 4.1-1 and pp 4.2-43-44, May 1973

Calculated from data of (c)
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by spacer assembly springs. The guide tubes are capable of accepting either
burnable poison clusters or control rod clusters. However, the fuel assembly
does not contain either poison or control rods. The physical characteristics
of the standard 17x17 fuel assembly Were given in Table 3-1. The fuel
assembily configuration is shown in Figﬁre 3-1 and the details of removable and
nonremovable fuel pins are shown in Figure 3-2. Removable fuel pins replace
some of the standard pins in experimental fuel assemblies, where it is desired
to remove fuel pins for detailed examination during the burnup cycle. There
are certain other differences in structural detail of the top end fitting on
these assemblies, but neither these nor the removable pin configuration
affect the handling of these assemblies in the packaging operations.

In addition to the Westinghouse 17x17 fuel assembly, PWR fuel
assemblies have been fabricated in a variety of fuel pin arrays as shown
below:

Westinghouse - 14x14, 15x15, and 17x17 XL
Combustion Engineering - 14x14 and 16x16, and
Babcock and Wilcox - 14x14, 15x15, and 17x17.

Exxon Nuclear fabricetes PWR fuel assemblies which esSentia11y
conform to the original designer's parameters. Tables 3-2 and 3-3 provide the
available dimensional and physical characteristics of the various fuel
assembly designs. '

Westinghouse and Babcock & Wilcox utilize the integral guide tube
method (described in the reference design) of accommodating burnable poison
and control rods. Combustion Engineering also utilizes guide tubes as
structural elements of the assembly, but the guide tubes are designed to
accommodate only control element assemblies. The Combustion Engineering
design incorporates poison pins, as required, directly into the fuel pin
array. A typical Combustion Engineering 14x14 design contains, in addition to
5 guide tubes, an inventory of 176 pins of which 168, 172, or 176 will contain
fuet,™the balance being burnable poison pins.

e
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TABLE 3-2

PHYSiCAL CHARACTERISTICS OF TYPICAL WESTINGHOUSE FUEL ASSEMBLIES

(PHR)

Fue) Detigner “ | | 1] ] ¥

fued Pin Array 11a1? 1y iny 1 1
Designation (13 [ wr - ar
Specific Reactor nr nr nr ar Trojan
Source of Information (O] [(3] (o) (<) (4)
Fued Bundle Assembly

Cverall Length, » 4,058 4,1 4.1 4.054 4.089
Kaxion Eovelope, oof (2047 ()2 @Lag?! @a? gl
fuel Pln Pitch, ¢cn nr nr 1.26 1.26 1.28
Suter of Fueled Pins r ar L ~n 264
$ategral Polson Piny ar . none 14 fone
¥elght-Fuel Bundle, kg 665 €0 . €65 a“ ar
IelqM-UﬂzGdzOJ. (1] LT - - o .
Velghtuo,, &g F14] 75 nr L] 523.5
Velght-U, kg (13} 450 ar ar 461.8
Welght-2irconivm Alloy, kg 127 130 nr nr 119.?7
Welght-Other Alloys, kg 15 16 nr ar (1
Velght-Total Metals, kg 142 145 L 4 n 14
Raterlal-Fuel Chad nr ss 2re-d 2treed Ure-4
Katerfad-Potson Clad ”r nr nr ar 4L
Kitertal-Cuide Tude Ire Ure Tire-d ar 2rc-4
Naterlal-End Fittings $s s 045 r 304
Kaiterfal-Spacers Inconel Inconel 718 Inconel 718 nr Inconel
Kiterfsl-8uraadle Poison nr - ar ar Borostlfcate
Materfal-Control Elements nr o ar " Hg-la-Cd
Jued Pin Assemdly

Overall Length, m LT 2.4 3.85-3.87  ar 2.851
Active Fuel Length, & 3.658 3.7 J.658 J.658 3.658
Fin Dlancter, m 9.5 9% .5 9.5 $.5
Clad Wall Thickness, me  nr ar 0.57 0.5? 0.57
Peliet Diameter, m ar ar ar 8.1 8.19
Radia) Cop, m- (4 ar ar 0.084 0.084
Pellet Denst , % theo, [ 14 nr [ 1] » 95

ar = pot reported

/A o not epplicadle

$S « Stainless steel

Disposs) Options, Gi1.39,

(o} Bechtel Nattona), Inc., An Assesseent of LWR Spent Fuel

()
(c

(@

Vol. 3, p A-1¢, July 19

Department of Energy, Statement of Position of the United States Department of
Energy, DOE/NE-007, TabTe V-3 and Table IV-T0, Zpriv 1580

Mrerican fuclear Society, Mverican Natfonal Standard (Proposed) » Design Criterts
“ar_an Independent Spent Fuel Siorate Tnslallalion Idater Pool Yype], A5ST/ANS-
AT Topendis €, U2, Woverber 1918

:. ? Judge, 'J Jacodsen, o.l R. uuxlm. [J. ‘l. Cn|rr ;nd s. ?. I'.:rl. %l_l;ll B2
e3igned for roved Operation, Wuclear Engineering Internations), YoT, 25, pp
37'-33‘;7\] lm;f'hplmer erh ’ *

¥, 8, Weihermiller and G, S. Allison, zlsv;s!ulcleir Fuel eu'nlglg‘p_q,a.'er Ute in Fuel
undie Maadiing « Yopical Report, PiLe sTlaTTe PaciI I Worthweil Laboratory
R lo e T ' ’
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117
»r

{c)
3,085

(2.4)2
1.2

232

nr
nr

or

or

or
2rc-4
[

or

»r

L 1ad
ar

nr
4,166
9.5
0.87
8.19
0.084
ar

lsle

ar

D)

»M
us.?
t.a
1

L ]
Unld
nw
"

(¢}

4084
(19.72)
1.4

L

ar

pr

2re = zirconive alloy not specified

v
L3
[
e

(c)

.4
(19,022
14

far

ar

ar
nr
ar
"

[
i3]
ar
ar
ar
s
"~
ar

3.048
10.72
0.419
'R
0.011
ar



TABLE 3-3
PHYSICAL CHARACTERISTICS OF TYPICAL COMBUSTION ENGINEERING AND
BABCOCK“ AND WILCOX FUEL ASSEMBLIES

(PWR)
fuel Designer ({3 ct [4 CE [4 ({3 (11 (11} [ 11 ny
Futl Pin Array 16116 16118 16218 sl xle 1 1717 17517 15118 18118
Destgration nr 13 or nr ne nr L4 nr [ TN ar
Specific Reactor ar 14 San Onofre 2 ar nr ar ar nr ar nr
Source of Infornstion ©®) ()] {c) (Y] (a) {¢) (a) ) (a) ()
fuel Bundle Assemdly
Overil! Length, » 4.4 4,458 4,406 3,216-3.99¢ 4,166 3.99%¢ 4216 4,208 4,216 4,206
Mistoos trvelope, e (20.68)2 (087 (209007 (0.6 (20787 (20.99)7 s8R (.62 (2.ee)?
fuel ?in Pltch, cn 1.9 1.9 1.9 1.4 1.¢7 1.47 1.2 1.28 1.4 1.4
Kuder of Fueled Ping 26 nr 220-236 1”6 »r 168-176 - H nr 208
Integral Palson Pins ar nr yes {e) nr ar yeu (e} nr nr e . nr
Yelght-fuel Bundle, hg 650 o 1 $91 nr 845.7 nr 83 & 689
mgm-macazo,. kg - - .. .- o - - - - e
VﬁgM-UD,. kg nr (13 451,0-483,8 nr nr 1 411.6-431.2 nr e nr [
Velght-y, kg ar ar 397.6-426.8 nr nr 362.8-300,1  nr nr nr nr
Welght-2irconlun Alloy, kg nr ar nr ar ar nr ar nr ar nr
Welght-Other Alloys, &g or nr ar nr wr Rr or nr nr nr
Velght-Total Metals, kg nr nr nr nr ar e ar “ar nr nr
Raterfal-Fuel Clad Iirc-4 irc-4 Lirc-4 re-4 2irc-4 2re-4 Lirc-d rc-4 rced Tirc-4
NMaterial-Potson Clad nr nr Irc-d nr ar Irc-4 ar e nr or
Kater{al-Guide Tube ire-4 L Tre-4 ar or re-4 ar Ure-d ar re-d
Katerfal-End Fittings 31 [ 30358 ar ar 30888 ar 048$ or 0458
Haterfal-Spacers 2irc-4 (¢) nr Iirce4 {d)  2irc-d () nr ire-A (d) L Inconal  ar Irconel
Katertal-Burnidle Poison  nr l‘cmzo, llCIAlzo, nr I‘CleOJ !.C/Alzo’ r o ar ar
Katertal-Control Elenents nr [ 14 LA nr nr 8,C ” ar ar ar
Fuel Pin Assesbly
Overal) Length, m 4.09?7 ar 4.0%9 3.48-3.73 or N nr nr .nr nr
Active Fue) Length, & l.el0 3.810 1.810 3.25-3.48 ).48 . 1.8 3.63 3.86 3.66
Pin Diameter, m s.70 .70 9.70 11.18 11.18 11.18 9.63 9.6 10.92 10.53
Clad Wall Thickness, em  0.635 0.835 0.635 0.8610.7F 0.66 0.66 0.597 0.609 0.673 0.671
Pellet Diameter, sm ar 8.26 1.26 ar 9.64 9.65 s.21 nr 9.40 ar
Red1s) Cop, = ar 0.089 0.089 ar 0.1l 0.11 0.112 or 0.989 ar
Pellet Denssty, S theo.  or L 1 1 r ar 95 ar ar [ or
e » pot reported R/A = not applicable 35 » Stainless ateel Iirc = zircontum s)loy not specified

{2) American Wuclear Socletly, Anerfcan National Standard (Proposed) - Design Criteria
for_an Indspeadrat Spent Fiel Storaje Intlallation [dater Pcol Typel, V) og
ST, Fopendix C, p U-2, Rovesber 1978

() :. :. vuu;—nler‘ and G‘. $. Allison, ;;;sﬂnbdur Fuel Aundle Date for Yse in Fuel
undle Hindling - Topical Report, Phi- attelle Pucillc hortheest Ladorator
¥p 25-33, Scpicber 3979 * : !

{c) P. Ferwarda, Supervisor - QC Engineering, CE Nuclesr froducte Manufacturing,
¥indsor, Connecticut, October 24, 1230

{4} Bettos spacer Incenel
(o) Yartabla quantity éependent wpon fuel asizbly requirements
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The Westinghouse 17x17XL fuel assembly is approximately one meter
longer than the reference design and the Combustion Engineering 16x16 design
is approximately 43 centimeters longer than the reference. Fuel pins of the
17x17XL and the CE 16x16 design are approkimate]y 64 and 26 centimeters,
respectively, longer than the reference design. The iength variation may not
impact upon the actual disassembiy techniques, but must be considered in the
establishment of storage canister length and repository emplacement cavit}
depth requirements, as well as in the flexibility of the encapsulation
processing equipment and handling equipment. The length of the assemblies
must also be considered in the vertical clearance provisions in the cells.

The variations of PWR fuel assembly design do not appear to extend
to the actual fuel assembly structural elements except for the length of the
gu1de *tubes and fuel pins. The fuel pins are axially supported by spr1ng
pressure and do not contact the upper or lower end fittings.

4

3.1.2 BWR Fuel Assemblies

The General Electric BWR-6 and the BWR 2/5 retrofit fuel assemblies
contain 62 fuel pins and 2 water rods in an 8x8 array. Eight of the 62 fueled
pins double as tie rods to mechanically join the upper and lower end fittings.
Tie rods are threaded into the lower fitting, passed through the upper fitting
and fixed in place with lock washers and ;nuts.  Lateral pin spacing is
maintained by 7 spacer assemblies mechanically fixed in their vertical
positions by locking tabs on one water rod. The fuel pins are axially
supported by the Tower end fitting and the upper end fitting exerts spring
pressure upon fuel nins to assure propér seating. Supplementary reactivity
control is provided by special pins which are included in the fueled pin
‘  inventory. These poison pins contain gadolina (Gd203) in solid solution in
urania (UOZ)’ as sintered pellets. The physical characteristics of the BWR-6
fuel assembly were; q1ven 1n Table 3-1. A 8x8 fuel assembly and fuel pin are
shown in F1gure 3-3. The assembly shown contains one water rod whereas the
BWR~ 6 and the BWR 2/5 retrofit assemb11es contain two water rods. It shou]d
be noted that this assembly drawing and the upper tie plate drawing show the
channel which would not accompany the assembly to the packaging facility.

Ty
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Earlier General Electric fuel assemblies employed 6x6, 7x7, and a
series of 8x8 pin arrays. The 6x6 design was the earliest commercial BWR fuel
and was not extensively used. No dimensional data were obtained for the 6x6
design. The 7x7 pin array contains 49 fuel pins, one of which is a segmented
pit. which provides axial capture of the spacer assemblies. GE designed and
fabricated a series of 8x8 fuel designs (designated BWR-2 through -5, BWR 2/5
Retrofit, and the BWR-6 Reference Case). Early 8x8 designs (BWR-2 through -5)
contained 63 fuel pins and 1 water rod (used to axially fix the spacer
assemblies). The BWR 2/5 Retrofit, as does the BWR-6, contains 62 fuel pins
and 2 water rods, one of which is used to mechanically fix the spacer
assemblies in the axial positions. The fuel pins in all instances are
supported by the lower end fitting. Since the fuel assembly envelope for the
8x8 fuel designs are approximately equivalent to that of the 7x7 design, there
are minor dimensional variations of fuel pin and pellet diameter from the 7x7
to the 8x8 design. End fitting dimensions, in all cases, appear to be
approximately equivalent. Available dimensional and physical characteristics
for the GE BWR fuel assemblies are shown in Table 3-4. Exxon Nuclear
fabricates BWR fuel assemblies which essentially conform to the GE design
parameters.

3.1.3 Impact of Process Alternatives on Package Dimensions

The Reference Process is based on the disposal of intact fuel
assemblies; it is further based on canister loading of either one PWR or two
BWR assemblies. The canister dimensions for the Reference Process are,
therefore, determined by the fuel assembly dimensions. &

The consideration of process alternatives is largely motivated by
the reduction in waste package volume and the ability to vary the thermal
loading which is made possible. Removal of end fittings from the fuel
assemblies has -no effect on the package diameter but does result in a
reduction in package length. The disassembly of the fuel assembly and close
packing of the individual fuel pins permit both the use of a shorter package
and the loading of an increased quantity of fuel in a canister of a given
diameter or the use of a smaller diameter canister. Certa:n geologic media
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TABLE 3-4

PHYSICAL CHARACTERISTICS OF TYPICAL BWR FUEL ASSEMBLIES

Fuel Detigner st nr
Fued Pin Array 8x8 818
Desfgnation or ar
Specific Reactor nr nr
Source of Information {a) ()]
fue) Bundle Assendly

Overall Length, m 4,470 4.5
Maxfoum Envelope, cx' (13.9)2 (123.9)z
Fuel Pin Pitch, cm nr ar
Kunbier of Fueled Pins ar ar
Integral Potson Pins or ar.
Weight-Fuel Bundle, kg 215.7 278
lltlghl-ﬂozcdzor 'g nr ar
Ile!gh!-m)z. kg 2080 25
Welght-U, kg 183.3 190
Keight-2irconium Alloy, kg 57.9 s?
Welght-Other Alloys, kg  9.77 8
Welght-Tota) Hetals, kg 62,7 65
Katerizl-Fuel Clad nr Iirc 2¢4
Hatertal-Poison Clad K/A K/A
Katerfal-Guice Tube R/A N/A
Katerial-Vater Rod ar ar
Kater$al-End Fittings ss s
Ratertal-Spacers 13173 2re
Katerfal-Burnable Poison nr nr
Naterfal-Control Elenents or nr
Fuel Pin Assenbly

Overs)) Length, a 4.064 4.3
Active Fuel Length, m 3.759 3.8
Pin Dlaneter, m 12.%2 12
Clad a1l Thickness, s or ne
Peliet Dianeter, sm nr ar
Radiat Sap, nr ’ ar
Pellet Density, X theo., ar ar

ar = a0t reported

WA = pot applicadle

(a) lo:hld Hatfonal, Inc.,
1. I, 9 A-14, J«ly 19

43 et 13
&8 9 [ 1]
nr nr R 2/
ar r DAEC
(f) {c)
4,354 4,470 4.424
e e mug)?
1.63 1.6 1.63
6 ar 62
ar nr yes (e)
278 ar 72,7
nr ar 207.4
or or 206.9
nr ar 182.4
ar ar nr
nr ar nr
nr ar nr
re2 2r-2 re-2
/A N/A K/A
N/A N/A N/A
2irc-2 ar Iire-2
304sS or 304s8S
r-d nr Lire
ar Gdzt‘), GdZOJ in uoz
ar ar I‘C
r - 4.10
3.71-3.76 3.658 3.8
12.52 12.52 12,26
0.86 0.86 0.81
ar 10.57 10,41
ar 0.1 0.12
ar Ar 1)

3S » Staialess steel

/MEQ07, TebTe IVe3 ana Table V=10,

(c) American Buclear Soctety, Americ.

(e) 848, 1a 12, rods ta orray,

(f) U. 8. veiherniller and C, S. llllum. LR Nuclear Fuel Sundle Dats for Use fn Fuel

ondlie Handlt Topical R ”ee
% Rmkr il!ﬂ._«E
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CE

818

BWR 2/5R
-1

4.3
{13.9)2
1.63

62

yes (e)
265.9
200.8
200.4
176.7
nr

nr

nr
2re-2
¥A
XA
1irc-2
30455
Ure
Gdy05 in VD,
8¢

3.95
3.69
12.26
0.81
10,41
0.12
§5

2irc » 2ircontum alloy not specified

An Assessment of I.IR Spent Fuel Ofsposal Options, OMIE.39,

(b) Ssparteent of Energy, Statement of Position of the Un
§neryy, 0Of KoriT 19

{ted States Department of
an Natienal Standird (Provosed) - Design Criteris

) for an lndependent Spent Fuel Storans Installation lEAur Fna! !i*'!' TNST7RRS-
V:T,"W%I Te P G-2, Woveder 1578,

{d) r. -. .un J. Jecebsen, 0. R. WilRing, J. 8. Carr snd S.

43

88

BuR/6
Grand Cuif
(4)

nr

nr

ar

[1

yes (e)
nr

ar
207.5
nr

nr

nr

nr
2re-2
K/A
N/A

nr

nr

ar
£d,0, 1n U0,
8¢

4,064
3.81
12,268
0.81
10.41
nr

ar

R, More, Lates2 tW

l-qu: oscnuu. Huclesr fagineering Intevnational, ul D
L]

o Battelic Pacif{c Northeest Lanoratory,

44
m
ar

ar
(f)

435
{13.32)2
1.87
)
nr

308
nr
nr
nr
nr
nr
nr
2irc-2
N/A
NA
WA
30455
2re
ar
nr

nr
3.66-3.71
14.30
0.81-0.54
nr

nr

ar

13
Iy
or
nr

3]

4,470
{12.31)?
187
nr

nr

ne

or

ar

nr

ar

nr

nr

‘Uire-2

n/A
N/A
nr

nr

nr
64,04
ar

nr
3.66
14.48
0.92
12,40
0.14
nr
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may require thermal loadings which do not correspond to integi:2l multiples of
a full assembly, i.e., 2.5 assemblies. Disassembly of the fuel would allow a
predetermined thermal load to be accommodated. Not only may the canister
diameter be smaller, but the choice of a diameter is, with close packed pins,
not constrained by fuel assembly dimensions. For the final process
alternative in which fuel pins are sheared and immobilized in a solid matrix
within the canister, there are no constraints on either canister diameter,
length, or thermal load.

3.1.4 Effects of Irradiation on Fuel

Examinations of irradiated fuel have indicated that changes occur

-which could affect disassembly and packaging of consolidated pins. The

effects of radiation on the fuel pins include changes in length, diameter, and
ovality; the fuel pins may also become bowed; buildup of fission products
within the fuel pellets tends to produce fuel irradiation swelling which,
however, may be counteracted by fuel densificatibn at service temperature;
creepdown of the cladding and interaction of the cladding with the fuel
pellets can cause ridging to occur; radiation also increases cladding tensile
strength and reduces ductility. In addition to changes of the fuel pins,
changes of the grid spring and hoidiown spring characteristics have been
reported. Crud deposition on the fuel assemblies may also affect disassembly
operations. “

Information concerning the condition of irradiated fuel pins from
Westinghouse 15X15 fuel assemblies and from second cycle Babcock and Wilcox
(B&W) assemblies has been obtained, and provides an indication of the
magnitude of changes caused by the reactor environment. Further information
has been obtained from organizations which have disassembled spent fuel and
from studies of spent fuel disposal. ,

B&W reports e]ongation'of fuel pins by approximately 0.3 percent
(slightly more than 10 mm). Their data indicates a trend of increasing fuel
pin growth with increasing neutron fluence. Pin diameter typically decreased
from the nominal pre-irradiation value of 10.9 mm by a creepdown’ of 0.07 mm.
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An axial variation in creepdown was noted, with a minimum average creepdown of
0.05 mm observed near the top of the fuel column and a maximum average
creepdown of 0.08 mm occurring near the bottom of the fuel column. Average
maximum ovality values ranged from 0.031 mm to 0.36 mm. Of the 35 pins
examined by profilometer, 12 exhibited evidence of ridging. Typical peak
height of the ridges ranged from 0.019 mm to 0.025 mm. Examination of fuel
assembly holddown spring force after irradiation showed minimal changes
compared to the pre-irradiation values (1); though not directly relatable to
the spring forces exerted by spacer springs, it provides some confidence that
jrradiation will not markedly change the restraining force of the spacer
springs.

Examination of irradiated fuel pins of various burnup from Westing-
house 15x15 assemblies showed average length increases of 1.4 to 1.5 cm, from
a pre-irradiation lenyth of 386.0 cm or approximately 0.4 percent. Average
overall diameter reductions of 0.08 mm from the end caps to the center of the
pins were reported. Ovalities generally ranged from 0.025 to 0.051 mm, with
extremes of up to 0.178 mm. The pins exhibited a degree of ridging, with
ridge heights increasing in the center of the pins, generally averaging
0.025 mm, with a maximum ridge height of 0.05 mm (2). These data are in
substantial agreement with the B&W data reviewed above.

A feasibility study concerning close packing of PWR fuel pins
suggests that bowing and deposits built up on the surface of fuel pins may
limit the degree of practical close packing which can be achieved.
Examination of spent fuel pins was reported to indicate an average bowing of
0.588 mm, with a maximum of 1.27 mm (3).

The results to date of disassembly of irradiated spent fuel
jndicate that the irradiation will have little or no effect on the fuel pins
that would cause interference with the pin pulling process, and little or no
indication of bowing which would interfere significantly with close packing
of pins (3).
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3.2 PACKAGE DESIGN CONSTRAINTS

The package design concept for this study was selected from concepts
being evaluated in a package design project being conducted by the
Westinghouse Advanced Energy Systems Division (AESD), and is described in
" Reference (4). The package is intended for use in waste disposal in a reposi-
tory borehole and employs the multiple engineered barrier approach. This sec-
tion and the following sections summarize the study by Westinghouse AESD and
the results which pertain to the waste form evaluation program.

Waste package design constraints applicable to the AESD package
design are primarily those set forth in the federal regulations (5), although
cost considerations and the extent of use of strategic materials must also be

taken into account. Both the regulatory and non-regu]atory'constraints are
discussed in this section.

o

3.2.1 Regulatory Requirements

3.2.1.1 Containment

The waste package design must provide reasonable assurance that the
package will contain the radionuclides for a period of 1000 years in the salt
environment of the Reference Repository. This is the time period during which
radioactive decay is dominated by the relatively short-lived fission and
activation products and there is'significant thermal energy production. The
ability of the waste package to provide such containment is primarily a
function of the corrosion resistance of its components. Appendix A presents a
review of the current knowledge of the corrosion of alloys of interest in oxic
and anoxic salt waters and brine.

$
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3.2.1.2 Retrievability

The need for retrievability occurs due to uncertainties associated
with the deep geologic disposal of radioactive waste. As a result, it is
conceivable that-retrieval of a portion of the package containing the waste
form may be desired early in the post-emplacement period to correct a pack-
age defect, to inspect packages, etc. Therefore, th; package must be
designed to facilitate that retrieval during the retrievability period
which, at the present time, is assumed to be 50 years (5).

3.2.1.3 Safety/Risk Considerations

Both radiological and non-radiological safety considerations are
specified by the regulations. The waste package has a primary function in
radiological safety. The components of the waste package must prevent
dispersion of radioactive material during handling and emplacement
operations. Moreover, after emplacement, the total package must provide
attenuation of the radiation from the spent fuel to levels which permit normal
operations. Design values for radiation levels are based on meeting the
requirements of 10CFR20.1(c) which requires that radiation exposures be "as
low as reasonably achievable".

Criticality safety pribr to emplacement 1is assured by careful
control of potential moderator and safe geometry of the spent fuel. 1In the
long term after emplacement, the waste package serves to prevent water
intrusion and the redistribution of fissionable materials in the spent fuel.

Handling and transportation safety are to be achieved by waste
package design. Acceleration and impact loads, specified in the federal
regulations defining sealed sources must be considered in the design of the
retrievable portion of the waste package.

3.2.1.4 Nuclear Material Control and Accountability

This requirement is intended to provide a permanent means of
identifying and tracing each waste package and its contents during the
repository operations period. The canister must have unique markings to
assure traceability for the package components and contents.
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3.2.2 Non-Requlatory Considerations

3.2.2.1 Cost

While minimum cost is a cesign objective, the cost of the waste
package is severely constrained by the 1000 year containment requirement.

3.2.2.2 Materials and Processes

To expedite package implementation, the waste package design seeks
to employ materials, parts and fabrication/assembly processes that are known
and proven and for which extensive development efforts are not required. In
addition, the design should avoid using critical materials and materials that
could have substantial and attractive salvage values at some later date.
Needless to say, this requirement is not entirely consistent with the
requirement of 1000 year package life,

3.2.2.3 Standardization

Cost considerations will indicate the necessity for the most
space-efficient package design. This consideration, in connection with the
desirability of minimizing -fabrication costs, leads to the design of a
package which can be used with minimal dimensional change for the spectrum
of spent fuel types described in Section 3.1.

s k{“xh

3 Lo |

' - The reference package is shown in Figure 3-4; the dimensions shown
are for the disposal of one PWR or two BWR intact fuel assemblies. The waste
package compdhenté‘inc]ude %§e intact fuel assemblies, a sand stabilizer
within the canister, a 0.64.cm thick titanium or titanium alloy canister with
welded closure, a sand fill between canister and liner, a 2.54 cm thick sealed
Inconel Tiner, and 30.5 cm of bentonite backfill surrounding the liner. The
function, design, and basis of selection of each of these components are
discussed in the following sections. Each disassembly alternative will

employ this reference package concept, modified dimensionally to the
requirements of that alternative.

v

"ZSCRIPTION OF REFERENCE PACKAGE

T

H
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3.3.1 Canister

Details of the Reference Process canisters and inner guide cages
for PR and BWR fuel assemblies are shown in Figures 3-5 and 3-6. The
canister is fabricated of 0.64 cm titanium as shown.

- The canister is the first sealed containment barrier. It performs
the primary function of containing the radioactive material for the 1000 year
design life of the waste package. In addition, when combined with the waste
form and any other internal component, it becomes the retrievable package.
Further, the canister may have to function as a surface storage container for
the waste form during periods of lag storage both before emplacement and/or
following retrieval. It must survive specified dropping accidents without
loss of containment or handling ability and it must maintain its corrosion
barrier performance under geology-induced crushing loads. However, the
thickness of the canister 1is chosen to provide the requisite 1ife against
corrosion and to provide adequate handling strength. The resistance to
lithostatic crushing pressures is to be provided by the presence of the spent
fuel and to some extent by the particulate stabilizer; external resistance to
lithostatic pressure is provided by the liner. The corrosion rates of
titanium and titanium alloys in brine are discussed in Appendix A.

The fabrication of the canister and its internal guide cage present
no unusual problems. Each will have to be welded so as to preserve
straightness but with proper fixtures and weld sequencing this is not expected
to be difficult.

3.3.2 Liner

The liner, composed of a nickel alloy such.as Inconel 600 or 625,
would be preplaced in the borzhole to serve as a hole liner. In that capacity
the liner must resist crushing loads during the retrievability period to
enable waste form retrieval.
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/ Two liner conditions have been analyzed. With a "supported liner",
the filler would be present between the canister and liner to provide crush
resistance. In that case, the liner thickness could be independent of liner
diameter and would be sized to provide satisfactory corrosion resistance and
handling stability. An "unsupported liner" must have adequate thickness to
resist crushing loads on its own since the filler gap between canister and
liner 1is air-filled. Now the liner thickness must increase with Tliner
diameter and possibilities such as roll-bonding a corrosion resistant nickel
alloy to a thicker and less expensive backing liner must be considered.

In either the supported or unsupported liner, the thickness uf the
Inconel was chosen for corrosion resistance and was constant at 2.54 cm. In
the unsupported case, the Inconel was backed with carbon steel and the
thickness of the steel was chosen to resist the lithostatic pressure. The use
of the unsupported liner was found to increase the cost of the reference
package by approximately one-third. Subsequent analyses and cost estimates
were, therefore, based on the use of a supported liner. Crushing resistance
in this concept is enhanced by use of a stabilizer ir the canister and of a
filler in the radial gap between the canister and liner.

3.3.3 Stabilizer and Filler

3.3.3.1 Function of Stabilizer and Filler ”&

Both stabilizer and filler have the pr%dary function of providing
resistance to lithostatic pressure; the filler provides support to the liner,
while the stabilizer supports the canister. Secondary functions of the
stabilizer include the provision of support to the fuel pins against handling
stresses or stresses creéted by seismic eventc in the repository, provision of
an additional barrier'against radiﬁnuc]ide transport, prevention of redis-
tribution of fissionable nuclides info a critical mass, and modification of
the thermal environment in the canister. These functions. could be
agcomp1ished by either a solid or a specially designed particulate
stabilizer. Where the spent fuel cladding remains intact, that is, in every
case except Alternative 4, the functions should be accomplished,with minimal
degradation of the spent fuel cladding.
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B
3.3.3.2 Criteria for Selection of Stabilizer

There are two principal criteria for the selection of the
stabilizer:

1.  How well does it perform the required functions?

2. What complexities does it introduce into processing of the

waste form?

With respect to the first of these criteria, it is patently obvious that a
solid stabilizer is to be preferred over a particulate stabilizer. The
solid would provide greater support, better heat transfer, and, if its cor-
rosion resistance were adequate, another bariier against radionuclide migra-
tion. A particulate»stabilizer could, with lesser effec£iveness, perform
the same functions. Einziger, et al, have recommended the solid stabilizer
based on studies which are discussed in Section 5.0 (6); their reccmmenda-
tion appears to be based almost entirely on the performance of the solid in
resisting lithostatic pressures. Although they have attempted to quantify
the defects of a particular stabilizer in resisting lithostatic pressures,
they essentially conclude that, lacking any criterion of acceptability/
unacceptability of performance, the particulate stabilizer cannot be
adjudged unacceptable (see Section 5.0).

The particulate stabilizer is much to be preferred, of course, in
respect to the second criterion noted above. Filling the canister with
stab111zer may be accomplished at ambient temperatures and control of the
'f1l11ng may be expected to be a straightforward operation. When in place, the
stabilizer (and filler) must have the highest achievable density, in order to
maximize the support it provides. In order to achieve this in a particulate
stabilizer, a bi- or tri-modal part]c]e size distribution in the particulate,
coupied with vibration during loading, can be used; a particulate filler m1ght
have to b2 tamped during placement if further analysis indicates the necessity
of a higher density than could be" obtained by pouring a multi-modal
particulate. Remotely-operated tamping equipment would have to be developed
for this purpose. : '
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For purposes of the process study, a stabilizer was selected prior
to the time any recommendations were available from the other studies. The
choice of a particulate stabilizer was based on the simplicity in processing
techniques it afforded and was subsequently affirmed by the realization that a
low-to-moderate melting point metallic alloy could be substituted in the
Reference Process and Alternatives 1-3 without significant impact on the
process analyses which had been developed, or the conclusions therefrom. The
processes described in Section 4.0 therefore assume the use of sand as both
filler and stabilizer, with the full recognition that other candidate
materials, either particulate or solid, would have to be evaluated prior to
final selection of the stabilizer.

3.3.4 Backfill

The backfill material fills the annulus between the liner and the
host rock and provides the liner with lateral support. The material can also
aid the transfer of heat from the liner as well as absorbing moisture,
chemically conditioning that moisture, and acting as an oxygen scavenger and
radionuciide sorber. The most convenient backfill material for the purpose
would, of course, be crushed host rock. Use of crushed salt in the Reference
Repository would not confer any of the possible advantages cited; for that

reason, bentonite, a montmorillonite clay of high water absorption properties
and excellent ion-exchange capacity, has been employed as the backfill for

purposes of this study.

Use of bentonite for this purpose in a salt repository precludes
access to the liner by migrating brine inclusions, thus providing additional
delay in breaching the package. If all barriers have been penetrated and
the fuel is in contact with a transporting fluid, the bentonite will provide
a strong retarding effect on both migration of soluble ions (7) and trans-
port of the fluid itself.

3.3.5 Shield Plug

The shield plug is placed above ‘the retrievable package to
attenuate radiation to hands-on working levels at the repository floor. The
shield plug would be sealed inside the liner assembly with the retrievable
package and must exhibit the same thermal, radiation, and chemical stability
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as other internal package components. Remaining structurally sound over the
1000 year containment period, the shield plug would also provide support for
the package cover plate.

When placed over the spent fuel canister, the 152 cm concrete
shield plug is highly effective in attenuating the gamma rays from the fuel
assembly. The limiting factor in shielding the assembly is the possibility of
radiation streaming through the bentonite backfill. Since the surfaces of the
various materials composing the waste package are not, 1in general,
perpendicular to the direction of propogation of the radiation, it can be
expected that the scattering of the radiation may cause it to take longer
paths through the poorer attenuating medium. A conservative estimate can be
calculated for the dose rate above the bentonite assuming a density of
1.75 g/cm3 and the minimum path length through the bentonite. If the
bentonite backfill is uniformly distributed and compacted about the shield
plug, the dose rate will be Timited to less than 0.1 mrem/hr. It is essential
that.all of the backfill is emp]aéed before the encapsulated spent fuel is
placed into the storage hole.

3.3.6 Thermal Considerations

Tentative maximum temperatures have been set for the various
possible host repository geologies: 284F (140C) salt, 329F (165C) basalt,
365F (185C) tuff, 302F (150C) granite, and 266F (130C) for shale. The waste
form which generates heat will be hotter than the rock. The temperature
differential between the host rock and the inside of the canister is a func-
tion of the heat generation rate within the waste form and the heat transfer
properties of the package. This functional dependence is illustrated in
Figure 3-7; the region which is applicable tb the present problem, that is,
canister radius of 17.15 to 24.1 cm and linear heat generation betwean 30
and 100 watts/foot is shown as the shaded area. Table 3-5 gives the package
temperature differentials for the cases considered.

It is clear that the highest cladding temperature will obtain in the
case of close packed PHR fuel pins. At the limiting borehole” temperature of
140C, the inside canister-temperature in this case is 227C. Then, assuming
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homogeneous waste form with a thermal conductivity of 0.005 watts/em®C, the
temperature rise in the waste form is found to be 67C. Using the thermal
conductivity of sand gives a conservative value for the temperature
differential. The compacted pins occupy 71 and 76 percent of the canister
cross section for PWR and BWR spent fuel respectively. The thermal
conductivity of the fuel pins will be much higher than sand (e.g., zirconium,
k=0.242 watts/cm®C), and the resulting temperature differential will be
considerably less. Thus, the maximum temperature of the waste form is
estimated to be 294C, or well within the limiting value of 375C set for the
clad temperature*.

TABLE 3-5
WASTE PACKAGE TEMPERATURE DIFFERENTIAL

Unmodified and Disassembly and Shearing and

End Fitting Removal Pin Storage Immobitization

PWR BWR PR BR  TPWR BWR

Canister Radius 17.15 17.15 17.78 17.78 24,13 24.13
(cm)

Linear Power 44,2 31.7 127.8 107.0 89.5 82.0

(watts/foot) ,

Temperature 30 22 87 73 54 47

Differential (C)

*{n Tgb]e'ZO of Reference (8), the cladding temperature for close packed fuel
pins in helium (gas stabilizer) is identical to that of close packed pins in a
particulate stabilizer. In actuality, the mixture of a particulate
stabilizer with helium backfill has a thermal conductivity greater than that
of gas alone. On that basis, the maximum temperature was recalculated using

the thermal copductivity of sand given in Table 19 of Ref i.e.;
0.005 watts/cmék. giver erence (8), i.e.;
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3.4 INFLUENCE OF SPENT FUEL FORM ON PACKAGE COST

Intuitively, it would be expected that unit package costs ($/kg
fuel) would be inversely proportional to the unit volumetric loading of fuel
in a package. This has been shown to be correct, with package diameter the
dominant parameter in overall package cost. Volumetric loading at a given
package diameter is a function of pin-to-pin spacing in the canister, and it
is obvious that decreasing the pin-to-pin spacing will result in lower unit
package costs, all.pther factors remaining constant. The limiting factor on
canister volumetric loading is imposed by thermal constraints, as discussed
in Section 3.3.6. At three PWR or eight BWR assemblies per canister, the
proposed canister loading for Alternative 3 gives the highest unit volumetric
loading of the cases considered, and would thus be expected to result in the
least package costs among the alternatives studied. (See Appendix B for
details of the development of canister and liner costs.)

3.5 CONCLUSIONS

The reference waste package described here can accommodate each of
the spent fuel waste form alternatives addressed in this study. The
alternative fuel forms would not cause negative efivects on package design that
would render the reference package unworkable; in the case of the
sheared/immobilized form with a hot-pour immobilizer, the package cani
could not be used in the dual capacity of a process vessel and the containm:nt
barrier; therefore, the containment barrier is an overpack over a sealed inner
container. This could be construed as a negative effect of waste form in the
sense that it forces the extra packaging step. However, the result still
largely resembles the reference package and would function identically.

The cost analyses show a clear cost advantage for the close-packed
alternative. To arrive at a recommendation for a preferred spent fuel waste
form, however, results from the in-repository performance and waste form
process analyses must be evaluated to weigh trade-offs among all three issue
areas. This is done in following sections of this report.
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In summary, there were no findings which would rule out any alterna-
tive on the basis of waste package considerations or long-term performance of
the waste form. Alternative 3 offers flexibility in loading which may prove
attractive in the various geologic media under consideration, greatly reduces
the number of packages, and has the lowest unit cost. ONWI and CRWM should
proceed with the devlopment of the disassembly process technology, with the
goal of incorporating disassembly of spent fuel in future test facilities as
they move toward their goal of an operational disposal facility.
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4.0 DESCRIPTfON AND ASSESSMENT OF ALTERNATIVE WASTE FORM PROCESSES

A basic design of facilities for packaging and geologic disposal
of unmedified spent fuel was established as a basis for evaluation of alter-
native fuel disassembly techniques in comparison to the disposal of unmodi-
fied spent fuel. The basic design, which is hereinafter referred to as the
Reference Process, was presented in a study conducted by Bechtel Group,
Inc., which incorporated three previously prepared conceptual design reports
(1). The Bechtel Conceptual Reference Repository Description (CRRD) com-
bines the key features of the following reports:

- National Waste Terminal Storage in a Bedded Salt Formation
for Spent Unreprocessed Fuel (NWTS-R2), prepared by Kaiser
Engineers (2)

- National Waste Terminal Storage Repository Number 1 (NWTS-
R1), prepared by Stearns-Roger (3)

- Spent Fuel Receiving and Packaging Facility Conceptual
Design, prepared by Rockwell Hanford Operations and Kaiser
Engineers (4).

Operational modifications were required in the CRRD process and facility

because of a change in the canister and emplacement package design from that
described in the CRRD to that as described in Section 3.

The four alternative processes which were evaluated are (1) end

’fitting removal, (2) fission gas venting and resealing, (3) fuel disassembly

and close packing of fuel pins, and (4) fuel shearing and immobilization in a
solid matrix.

In this section the spent fuel disposal processes are described,
and comparisons are made between the Reference Process and the alternative
processes. Differences in the processing of the spent fuel, in facility and
equipment modifications, and in the status of the technology for each of the
fuel disassembly alternatives under consideration are examinsd relative to

the Reference Process. The merits and disadvantages of each alternative
process are then assessed.

Figure 4-1 shows the layout of the Reference Process Packaging
Facility. Figure 4-2 shows the primary process steps for the Reference
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Process and the additional or different process steps of the alternative
processes. The processes are identical to the point where the spent fuel is
removed from pool storage; after the spent fuel is canistered, the processes
are again identical.

4.1 DESCRIPTION OF PROCESS AND FACILITIES

The Reference Process and the alternative processes have certain
elements of commonality. These are discussed in Section 4.1.1. The elements
of the alternative processes which differ from the Reference Process and among
each other are detailed in Section 4.1.2 for each alternative.

4.1.1 Reference Process and Common Process Elements

The spent fuel is received by rail cask (90%) and truck cask (10%).*
The carriers with shipping casks are inspected for sabotage and radiation
contamination,at outdoor inspection stations. Uncontaminated carriers with
casks are washed o remove road dirt and moved into a preparation area through
an airlock. Contaminated carriers are not washed at the outdoor inspection
station; they are moved directly into the preparation area, where road dirt is
removed. Cranes unload the casks from the carrier at the preparation station.
The cask is moved into the wash and cooldown pit, where vent and cooldown
hoses are manually connected. The vent gas and water coolant are monitored to
detect radiation which would result from damaged fuel assemblies. The water
effluent is treated and recycled; off-gas from the venting system is piped
into the off-gas treatment system, then released into the stack system,

When the temperature is lowered to 115F (46C) the shipping cask is
transferred to the stainless-steel-lined unloading pool by a 125-ton crane.
The cask cover is removed, and the fuel assemblies are 1lifted and moved to an
inspection station within the pool by a 5-ton gantry crane. There each fuel
assembly is identified for accountability purposes and monitored for activity
level. Damaged assemblies are isolated in special containers for transfer to

*Reference (1) assumes the rail cask to be the IF-300, manuf actured by General
Electric and the truck cask to be the NLI-1/2, manufactured by National Lead
Industries.
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a Special Function Cell for further processing. Leaking or damaged assemblies
which require isolation and special containment are defined as those which
evidence clad damage to the extent that particulate radioactive material may
escape. Those from which the fission gas has been released due to damage to
the clad, but which show no obvious clad damage, will be processed
conventionally.

After inspection, the assemblies are loaded into baskets by the
gantry crane. Three types of baskets enter the system as needed:

- PR assembly baskets which have a capacity of 4 PWR
assemblies

- BWR assembly baskets which have a capacity of 9 BWR
assemblies

- Baskets %or damaged fuel contajners

Three of these baskets are handled on each canal buggy, which moves on
corrosion-resistant rails located below the water surface. The ganiry crane
pushes the canal buggy from the spent fue! unloading pool under the storage
separation wall to within reach of the storage gantry.

The spent fuel assembly baskets move directly from the unloading
pool to the presentation pool or to the Weld and Test Cells. The presentation
pool is equipped with 52 fuel basket racks; if it is full, the baskets are
stored in the lag storage pool, thch consists of two pools each equipped with
240 fuel basket racks. The storage pools and the presentaﬁion pool are
connected by canals with the unloading pools and the Weld and Test Cells. A1l
pools and canals have stainless stee] liners, cooling, and decontamination
systems. Double-gate locking systems isolate the canals and each pool. The
gates permit draining of an isolated pool or section of a canal. The gates
are sealed by double inflatable seals. Two 5-ton gantries travel on common
rails over the lag storage pools, the presentation pool, the thansfer canals
and the canal buggy unloading area. These gantries are desighed to receive
the canal buggies from the unloading pool, remove the baskets from the canal
buggy, transport the baskets to the storage or presentation pools and place
the baskets in the storage rack, retrieve the baskets from the racks and place
them in the transfer buggy for delivery to the Weld and Test Cells. The crane
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can also take the basket directly through the canal to the transfer buggy
loading area from the canal buggy unloading area outside the ctask unload
station.

The transfer buggy is loaded with a fuel basket at the front oi the
presentation pool and is propelled by electric-motored traction drive located
above the transfer canal, moving the transfer buggy to the head of either of
two Weld and Test Cells.

The subsequent processing of the spent fuel assemblies varies with
each alternative process until the fuel is canistered, after which the
processing of the canistered fuel is identical for each alternative process.
The preparation of the spent fuel for the Reference Process is
straightforward. The unmodified fuel assemblies are 1ifted from the transfer
buggy into one of three fuel assembly driers, where heated air is blower-
circulated to dry the fuel assemblies and basket. Accumulated moisture is
exhausted from the drying chamber. At this point the unmodified fuel is ready
for insertion into the canister as shown in Figures 3-5 and 3-6. The modified
fuel of the alternative processes is not dried in this manner, since the
additional time required to process the assemblies will allow the fuel to dry
sufficiently. The perforated fuel baskets allow the majority of the water to
drain as the basket is lifted from the transfer canal.

After the spent fuel has been* inserted into the caniSter, the
packaging operations are identical for all processes. The canister is fitted
with a fixture which permits evacuation of the interior and introduction of
the stabilizer. The canister cap is placed into position by a manipulator;
the canister and cap are then transferred to the welding station.

At the welding station, helium is introduced through a valve built
into the canister cap, displacing the air dinside the cap. - The welding
positioner clamps the cap to the canister. A plasma-arc welder is positioned
on the cap, indexed to the pintle, and the cap joint is welded while the
welder head is rotated at welding speed. After the cap joint is welded, the
helium pressure is increased to 5 psig. A probe inserts a mechanical sealing
plug in the cap valve opening and a welding head automatically seal-welds the
plug. On completion of all the'we1ding operations the canister is transferred
by the overhead 3-ton crane to the weld heat treat station.

¥
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The cap weld joint is examined by ultrasonic transducer equipment
which is rotated in an orbital path around the canister cap joint to search
for discontinuities in the weld. If no defects are found, a transfer jib
hoist moves the canister into position for leak testing. Defective welds
noted at this position will cause the canister to be routed to the Special
Function Cell. In the Special Function Cell, the“defective canister is
overpacked in a titanium canister, filled with stabilizer, capped and welded.

The jib hoist moves the canister into position for the final leak
test. Fach Weld and Test Cell has two leak test stations equipped with tank
type enclosures. Canisters acceptably passing the leak test are moved to the
radiation survey station; those failing the leak test are moved to the Special
Function Cell for rework as described above. The assumed failure rate is 2
percent of the total canistered assemblies.

At the radiation survey station the canister is monitored for
external radiation and a master-slave manipulator obtains swipe samples which
are sent to the laboratory for measurement of the canister's external radio-
active contamination.

Canisters that pass the survey and swipe tests are transferred by~
the overhead crane through the cell floor port into the transporter below or
to the temporary storage area in the ce'l. If excessive surface contamination
is found, the canister is routed to the decontamination area. After a bath
(agitated by ultrasonic transducers for cleansing action), the canister is
dried and returned to the radiation survey station for retesting.

The sealed and decontaminated spent fuel canister is placed on a
transporter and moved to a loading port, where it is transferred into a cask.
The cask containing the spent fuel canister is moved to the burial shaft and
placed by crane into a cage which transports the cask down‘the shaft to the
underground repository. At the bottom of the shaft a crane picks up the cask
and places in on a cask transporter, which then moves to the storage area.

A burial hole is prepared to receive the spent fuel canister in the
following manner: A hole is drilled in the salt, and a 30 cm layer of
bentonite is placed and packed into the bottom of the hgﬂe. The lower section

~of the Inconel liner is partially lowered into the hole, then held in
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place while the upper section of the liner is positioned. The liner sections
are welded, heat treated, and examined by non-destructive testing. The liner
js lowered onto the bentonite, and the annulus between the outside of the -
liner and the inside of the borehole is filled with bentonite. The bentonite
in the upper portion of the hole is packed to provide shielding protection
from the emplaced canister. A layer of sand is placed in the bottom of the
Inconel liner to serve as a separating support for the canister. A colier
with'shie1ding shutter is placed over the prepared burial hole. The collar
rests on the salt floor and provides support for the cask as the canister is
removed. The burial crane positions the transfer cask over the hole; the
shutter in the collar and the cask bottom are remotely opened and the canister
is lowered into the burial hole by the cask cable mechanism. The shutter is
closed on the hole collar, and after closing the bottom opening of the cask it
is removed”by the burial crane. The space between the liner and canister is
remotely filled with sand and a prefabricated shield plug in a shielded
container is placed over the collar. The shield plug is placed in the burial
hole in the same manner as the canister. The shielded container is lifted
from the emplacement and the collar removed. An Inconel cap is placed on the
shield plug and welded to the Inconel liner. Testing this weld completes the
emplacement procedure. The waste package is now complete and the final
configuration is as shown in Figure 3-4. The configuration for the
alternative processes differ only in dimensional detail.

4.1.2 Process Variations in Alternatives 1-4

A1l of the alternative processes require the removal of the end
fittings from the assembly; Alternatives 3 and 4 require separation of the’
pins from the rest of the structural components. The following paragraphs
describe the processing of the assembly for each alternative through the
insertion of the modified spent fuel into the canister.

4.1.2.1 Alternative 1

The assembly is lowered by a three-ton crane through the receiving
port into the end fitting removal area, where it is received by a specially
designed carousel. The carousel wiil secure the assembly, rotate from
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vertical to horizontal, and position the assembly on the table for sawing.
Two process lines are provided in each Weld and Test Cell (WTC). Two hacksaws
are placed in position, one near the top end fitting and the other near the
bottom end fitting. Positioning is monitored by an operator through a viewing
window and remote television monitors. Adjustments are made for precise
positioning of the saw at a location between the end fitting and the fuel pins
so that the cut will not enter the fuel c]édding. A shroud fits over the saw
and end fitting to minimize spread of contamination and water to the cell.
The sawed off end fittings are stacked on a table in the cell for further
processing. Saw fines will be recovered by settling and filtration of the
water and the water will be recirculated. The hacksaw also contains a small
sawing unit to cut the bail off the top end fitting of a BWR assembly at the
same time the end fitting is being sawed off.

Each process 1line 1is provided with a rail-mounted canister
strongback. Each strongback :is mounted on pivots and can be erected to a
vertical position to receive the empty canister, which is 1ifted by the cell
crane through a floor port located at the end of the process line near the
sirongback. Clamps on the strongback grasp the canister, and the strongback
is lowered to the horizonta1 position and moved on its rails to a point
contiguous to the saw table, and in line with the assembly. The saw table is
equipped with a powered roller bed which rolls the fuel assembly into the
canister. As 1in the Reference- Process, one PWR assembly is placed in a
canisteir and two BWR assemblies are placed in a single canister. The filled
canister is transferred to ‘the canister carousel after the canister
strongback has been raised to*Vertica].

The end fittings are;packaged in a ca;ister similar to the assembly
canister and proceed through the Weld and Test Cell in the same manner as the
assembly canister. The Special Function Cell is modifi'd so that the end
fittings can be removed from the damaged BWR assemblies and the end fittings
are packaged as in the Weld and Test Cell. The damaged PWR assemblies are
placed in the longer BWR canister without removal of the end fittings. The
canisters from the Special Function Cell enter the Weld and Test Cell at the
weld heat-treat station. Thefabove-ground packaging facility 1layout for
Alternative 1 1is shown in Fiéure 4-3. The Weld and Test Cell has been

G
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extended by 10 meters over the Reference Process WTC to accommodate the
additional operations and equipment necessary. The canisters for this
alternative are identical to the Reference Process except in length; shorter
canisters may be used due to the removal of the end fittings from the

assemblies.
4.1.2.2 Alternative 2

The end fitting removal in the Weld and Test Cell (WTC) follows the
same process described in Section 4.1.2.1. Because of the additional process
time required for the venting and resealing operation, it will be necessary to
saw two BWR assemblies at the same time in order to provide an acceptable
capacity reserve margin. The saw table of Alternative 1 will be modified to
accept two BWR assemblies. As in Alternative 1, two process lines are

provided in each WTC.

The empty canister, which has the same capacity and dimensions as
the Alternative 1 canister, is brought into the WIC as described for
Alternative 1. After the sawing operation is completed, the assemblies are
inserted partially into the empty canister. The canister is then moved part
way into the outer compartment of the vent/reseal chamber. An inflatable seal
is secured around the open end of the canister and the assembly is positioned
and secured with a clamping device which grasps the top spacer(s). The system
js sealed and evacuated. Each fuel pin is then piercéd by the laser device,
whose optical system is mounted on an XYZ translator system. After venting,
each pin is resealed by a defocused laser beam. The outer coﬁpartment is
sealed off from the inner compartment, and is backfilled with argon. The gas
which was removed from the chamber is treated if necessary before release.
The seal on the canister is deflated, and the canister is removed from the
chamber. A manipulator pad pushes the assembly end fully into the canister.
The canister is returned to a vertical position and transferred to the
canister carousel and from there to the stabilizer fill and cap welding

' stations. End F1tt1ngs are handled as described for Alternative 1. The

Special Function Cell also operates the same as Alternative 1. The above-
ground packaging facility layout is shown in Figure 4-4. The WTC has been
extended over the ReferenFe Process WTC by 14 meters to accommodate the
additional‘opefations and equipment necessary.
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4.1.2.3 Alternative 3

The carousel receives the PWR assembly from the drain station and
secures the assembly in the vertical position (Case 1). The carousel then
rotates the assembly to horizontal and deposits the assembly on the saw table
and the end fittings are removed in the same manner as in the Alternative 1
process. Two BWR assemblies are received and sawed together as in the
Alternative 2 process. However. because of the rate of throughput of this
operation, two entry ports with two receiving strongbacks are necessary for
the BWR operations to provide an adequate margin of reserve capacity.
Therefore, the second Weld and Test Cell has been further modified to provide
these two entry ports from the drain station (Case 2). The carousel is not
used in this cell and the saw table is designed to receive the two BIR
assemblies vertically and then rotate to horizontal for the sawing operation.
Both end fittings are removed.

The pins are pulled one row at a time; the pin pulling mechanism is
the same design cencept as that of the Barnwell Nuclear Fuel Plant (BNFP),
which will be described in Section 4.2 in some detail. The receiving canister
is designed to hold three PWR assemblies (792 pins) or eight BWR assemblies
(512 pins). The PWR pin canister has three sections of 120 degrees, each
holding pins from one assembly. The BWR pin canister has four sections of 90
degrees, each holding pins from two BWR assemblies. The canister and inner
cage for PWR pins are shown in Figure 4-5. The collected pins are pushed from
the collection trough into one section of the canister by a telescoping
hydraulic pusher. The canister is then rotated 90 degrees or 120 degrees to
position the next section for receiving fuel pins. These operations are
repeated until all sections of the canister are filled.

End fittings will be packaged as in the Alternative 1 process. The
additional hardware from the assémb]y skeleton are the grid spacers of the BWR
assembly and the spacers and guide tubes from the PWR assembly. This hardware
will be sheared and compacted in an assembly-type canister and proceed through
the Weld and Test Cell operations when filled. The Special Function Cell will
operate in the same manner as the Alternative 1 process, except that fuel pins
which are damaged would be transferred from the WTC to the Special Function
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Cell for canistering. The packaging facility layout for this alternative is
shown in Figure 4-6. The Weld and Test Cell has been extended over the
Reference Process WTC by 17.4 meters to accommodate the additional operations
and equipment necessary. Several corridors have also been relocated.

4.1.2.4 Alternative 4

The spent fuel assemblies are received as described for Alter-
native 3, the end fittings removed and the fuel pins pulled.

The separated fuel pins are either collected in or subsequently
pushed into a square container which serves as the feed magazine for the fuel
pin shear. The loaded magazines are transferred through an airlock (for
contamination control) into the Shear/Encapsuliation Cell, in which are’
lTocated the fuel shear, the vacuum casting stations, the heat treat stations,
and the capping and welding stations for the inner canister. The fuel is
sheared into 51 mm lengths which are dropped from the shear plenum directly
into the perforated'basket within the inner canister; the inner canister is a
stainless steel can, fabricated from eighteen-inch, Schedule 10 pipe. The
inner perforated basket is fabricated of 3.18 mm stainless steel sheet; the
outer canister, inner canister and inner basket are shown in Figure 4-7. The
purpose of the perforated basket is to provide an annulus just inside the
inner canister which will not contain sheared fuel; this will allow for a
~monolithic shell around the sheared fuel.

The fuel pins from three PR assemblies or eight BWR assemblies are
sheared into the inner canister. Because of the greater bulk of the BWR fuel
pins, the canister for use with this fuel is 46 cm longer than the canister
used with PR fuel. When the specified quantity of fuel has been sheared into
the inner canister, the canister is moved to one of three vacuum furnaces
where it is first heated to 2192-2282F (1200-1250C), evacuated, and' filled
with molten glass at 2282F (1250C). The molten glass is introduced through the
central tube which extends to the bottom of the canister; thus the canister is
filled from the bottom. The temperature will be maintained at a high enough
level to assure fluidity of the glass. Volatile material released during the
evacuation stage is collected for treatment in the off-gas system.
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After all glass has been transferred to the canister the vacuum is released,
and the canister is cooled over a two-hour period to a température of 1200F
(650C). It is then removed from the encapsulation furnace and transferred to
one of six heat-treat furnaces where it is soaved at 1200F (650C) for three
and one-half hours, following which it is heated to 1560F (850C) and annealed
for six hours. At the end of the annealing, it is force-cooled to a
temperature tetween 392F and 572F (200 and 300C). It is then transferred to
lag storage, where it is held until ready for capping and sealing.

Fuel assemblies which are received in a damaged condition are
transferred directly to the Special Function Cell as in the other processes.
Here the end fittings are removed and the skeleton with the fuel pins in
place, together with any broken pieces, are placed in a special thin-walled
square aluminum container, which is seal welded for contamination control,
and placed in a shear magazine for transport to one of the Shear/Encapsulation
Cells. One standard PWR assembly is packaged per transfer box, or two
standard BWR assemblies. Failed pins from the Weld and Test Cell do not go to
the Special Function Cell, but are placed in the shear magazine with the other
fuel. |

Off-gas collected during the shearing operation and during the
evacuation/heating cycle in the encapsulation operation is routed to an off-
gas treatment system.

The packaging facility layout for Alternative 4 s shown 1in
Figure 4-8. The increase in the length of the process module required to
accommodate the added operations dis approximately 45.7 meters. The
orientation of the proczss cells has been rotated 90 degrees, necessitating
some changes in the routing of the transfer tunnels. Some expansion of the
Special Function Cell is also required.

4.2 ASSESSMENT OF ALTERNATIVES

Each alternative process was assessed and ranked relative to the
Reference Process. The relevant concerns for the assessment were separated
into four categories: the level of the technololgy required to effectively
perform the processing of the spent fuel, the operational procedures
necessary to carry out the process, consideration of the safety and risk
aspects of the process,Aand the economics of the process '
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4,2.1 Technical Assessment

The technical assessment considered the overall technical and
engineering practicabilily of the additional operations and procedures
required over those in the Reference Process, including the status and
development of the process technology and equipment, the amount of prior
experience which could be drawn upon, an assessment of the development effort

‘required, the effectiveness of safeguards, and the acceptability of the waste

form.

4.2.1.1 Basis of Assessments

The technical assessment was based on first didentifying the
additional technology and equipment necessary to effectively implement each
alternative over that of the Reference Process, then considering tiie status of
the additional process technology anc equipment in terms of the current state
of development and the time required to complete development for application
to the spent fuel disposal process on a large scale. An analysis of prior
experience with similar technology and equipment was made, tak1ng into
consideration the unique need for remote handling and maintenance requ1red
due to the radiation hazards involved. The effectiveness of safeguards during
processing and in respect to the final waste form were also considered. The
additional equipment regquired for each alternative over that required for the
Reference Process is shown in Figure 4-9.

4,2.1.2 Comp§rative Assessments

A1l of ihe alternative processes require the removal of the end
fittings from the spent fuel assemblies. Allied-General Nuclear Services
(AGN3) is currently conducting studies and research concerning spent fuel
disassembly at- the Barnwell Nuclear Fuel Plant (BNFP). Experimental demon-
stration efforts.at BNFP were focused on the friction sawing and laser cutting
of simulated PWR assembly end fittings (5,6,7). AGNS concluded that the
friction sawing was a promising option but that further study would be
necessary to arrive at a suitable facility design. "The current tests of
friction sawing have demonstrated the amount and size of fines generated, the
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length of time for the operation, and assurance that the cutting operation can
be accomplished without breaching the fuel pin cladding. AGNS further
concludes that laser cutting, although feasible, requires further refinements
in the observed cut quality prior to inclusion in the disassembly operation.
Nuclear Assurance Corporation (NAC) describes in a conceptual report an air-
powered cut-off wheel or arc-saw for removz] of end fittings in a pool storage
area. This sawing operation is accomplished with the assembly in a vertical
position and only the top end fitting is removed (8).

Exémining an alternative to the CRRD, Bechtel considers the removal
of end fittings in a modified Weld and Test Cell using a cut-off saw,
positioner and hydraulic ram, horizontal canister loader, remote manipulators
for handling cut off end fittings, and a canister carousel (9). Considerable
experience with end fitting removal was obtained at the NSF - West Valley
reprocessing plant. After several modifications to the apparatus, a dry
abrasive disc blade was used to cut off the end fittings from irradiated fuel
assemblies.  The saw was mounted on rails and the fuel assembly was lined up
for cutting with a pushout ram (10).

Component development on hacksawing and bandsawing has indicated a
decided advantage fdr'hacksawing. While bandsawing was quicker, hacksawing
minimized or eliminated burrs on the cut thimble tubes (7). The adaptability
7f the hacksaw to the remote operating and maintenance requirements for sawing
the end fittings of a dry fuel assembly seemed to be essentially equal to or
better than that of the bandsaw. Furthermore, a hacksaw is a rugged piece of
equipment and involves less complicated blade changing for remote
operations.

Technology and equipment are available for the design, fabrication
and construction of a wet sawing table with provision for a stream of water
circulating over the saw blades while in operation; the suspended saws
required for cu gﬁ@g do not appear to present any significant design problems.
Background experience pertaining to such an operation as envisaged for the
alternatives is, however, rather limited (NFS and AGNS). Previous experience
and the deve]bﬁment efforts have primarily involved dry sawing methods.
Considerable development needs to be done on the wet sawing process, as
envisaged, specifically the components of the saw tab}é including proper
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mechanisms for alignment of the fuel assemblies, the sawing equipmert and
shrouds. This also would include developing a system which is operable in a
remotely maintained cell for removing and collecting the saw cuttings (fines)
from the circulating water. Estimated developmuiit time is 18 months.

Settling and filtration equipment suitable for removing the saw
fines from the water used with the sawing operation are standard items. A
series of filter cartridges in the water circulating system should be
sufficient. The filtration equipment should be located within the cell and
accessible to a manipulator for occasionally changing the container that
collects the fines. The container with the fines then can be processed with
simple equipment and transferred to the low-level waste treatment
facilities.

Technology is available for the design, construction and operation
of the tilting strongback table for receiving, holding, and rotating the empty
canister to receive the fuel assemblies. However, a prototype strongback
table will need to be constructed and operated in conjunction with a prototype
sawing table for experience with the performance of the system and allow for
any necessary adjustments to the design and operating controls.

The vertically rotating carousel with a horizontally rotating
strongback is unique but there is no reason to suspect that such a carousel
cannot be designed and successfu]]y operated. . A prototype could be
constructed and tested within a year's time.

There are no safeguards. areas of concern for end fitting removal
operations. The fuel assemblies can be inspected and counted on completion of
the operation. Canistering the assembly completes the differentiation
between Alternative 1 and the Reference Process. The technical assessment of
end fitting removal applies to ‘all alternatives. There 1is no concern
regarding the acceptability of the A]ternative 1 waste form, as it is the $ame
as for the Reference Process, minus the end fittings. The status of the
equipment and process technology of end fitting removal for Alternative 1 do
not indicate any serious drawbacks to its implementation.

The level of technology required by Alternatives 2, 3, and 4 is
progressively higher than that of Alternative 1; those alternatives require
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the same end fitting removal technology plus additional technology for the
venting and resealing of the pins, pulling of pins, or shearing and
immobilization of pulled pins.

In support of technology development for fuel pin venting, AGNS has
developed a series of prototype laboratory tests on stainless steel and
Zircaloy tubing in conjunction with a laser designer and vendor (Laser
Incorporated, Sturbridge, Massachusetts) to demonstrate the laser venting and
resealing process (6). The initial tests refined the paremeters of laser
power, pulsing rate, hole size, and beam optics. Later tests on both
penetrating and resealing the simulated LW fuel cladding were designed to
demonstrate repeatability and consistency with a large number of samples. The
following results were observed:

- optimal hole diameter appeared to be 0.25 mm,

- rewe]diné results in a new wall thickness of 0.46 to
0.51 mm (75 percent of original wall),

- inert cover gas prevents oxidation and results in a
superior seal weld, '

- cycle interval is 3 to 5 seconds (repositioning the fuel),
recycle time of pulsed laser is one second,

- repeatabi]ify is excellent (99+ percent), and

- heat-affected zone is quite localized.

Further testing is planned on the drilling of pressurized tubes to
 develop optimal hole size under pressurized conditions to assure both '
adequate venting of gas and a hole suitable for rewelding.

Additional equipment required for Alternative 2 includes the
following: :

- wet sawing table modified to be capable of holding and
sawing two BWR assemb11es at a time,

- vacu..a chamber with 1aser piercing and sea11ng device for
venting the fuel pins, and

- treatment system for the off-gas vented from the pierced
fuel pins.
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The wet sawing table and its operations are covered in the assessment of
Alternative 1. There are no foreseeable difficulties in modifying the table
so that it will hold and saw two BWR assemblies at a time.

The vacuum chamber must be equipped with a device for individually
piercing with a focused laser beam the exposed ends of fuel pins, evacuating
the pin, and then sealing the hole by varying the laser beam strength and
optical parameters. In addition to the AGNS work mentioned above, it is known
that Exxon Nuclear uses a series of similar operations on unirradiated fuel to
vent, pressurize with helium, and seal individual fuel pins; however, the
rejection (or success) rate for the final product is not known. To perfect
such an operation on irradiated fuel, piercing and resealing individual pins
in an array with some of the pins possibly being out of line, will require
additional  development of  appropriate  technology and apparatus.
Optimistically, it should take an additional two years of effort to develop
the feasibility of the procesé and another year for demonstration with
irradiated fuel.

There are no firm data upon which to estimate the composition or
quantity of the gas from venting and evacuating the reservoir end of a spent
irradiated fuel pin. The gaseous fission products, tritium and radioiodine,
are reactive and presumably will be tied up in the solid structure of the
uranium dioxide fuel material. They would not be released in significant
quantities until the structure of the fuel is disturbed, e.g., by dissolution
or oxidation. The same cén be theorized for any carbon-14 that may be formed.
However, it 1is known that some.tritium does migrate through the uranium
dioxide fuel and could be present in small quantities in the vented gas. Of
the fission product noble gases, the radioxenons have half-lives of twelve
days or less and will have decayed away by the time the fue]"pins are vented,
although there is a substantial quantity of stable xenons remaining., The
other noble gas, krypton, contains significant quantities of the radioactive
krypton-85; it is chemically unreactive and can migrate through the molecular
structure of the fuel. Radiokrypton probably will be present to some extent
in the gas reservoir at the end of a fuel pin.
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Information from the Savannah River Laboratory (11), supplemented
by information obtained in discussions with 0. 0. Yarbro of the Oak Ridge
National Laboratory, indicates that even sheared irradiated fuel, several
years out-of-reactor, will release very little tritium, radioiodine or
carbon-14 if the molecular structure of the fuel is not disturbed. However,
depending on the circumstances, a significant fraction of the radiokrypton
may evolve when the fuel cladding is ruptured. Based on the foregoing and in
the absence of firm contradictory information, it is concluded that the only
significant quantity of radioactive material that can be expected to be
included in the vented gas is the radiokrypton.

The krypton can be removed from the vacuum system off-gas that
results from venting and evacuating the fuel pin by freezing it out with a
cryogenic process, which will also recover the xenons. Equipment and
technology for cryogenic processes are well known and routinely used in the
commercial liquid air industr;. A cryogenic system for the recovery of
radioxenon and radiokrypton has been’ operated intermittently for over 15
years at the fuel reprocessing facility (Idaho Chemical Processing Plant) on
the site of the Idaho National Engineering Laboratory (12).

The lack of firm data indicating the composition or quantities of
gas released by evacuating the end of a pierced spent fuel pin suggests that
further study is desirable to determine if a treatment process for the off-gas
is necessary; it may be that the gas could be released through the cell
ventilation exhaust treatment system with no significant risk entailed.

Venting of the fission gases by a laser is not required for
Alternatives 3 and 4; there is the need for the equipment to accomplish the
removal of the end fittings as described for Alternative 1. In addition to
the specialized equipment required for Alternative 1, Alternative 3 requires
the following:

- wet sawing gab]a mechanically modified so it
will tilt 90° 1longitudinally to receive fuel
assemblies; all sawing tables modified to be

capable of holding and sawing two BWR assemblies
at a time
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- pin pulling machine with a pin collector trough

- pin pushing mechanism for pushing a group of pins
into a sector of a canister or into a shear
magazine

- device for rotation and seating of canister
- shear for fuel assembly skeletons
- compactor for fuel assembly hardware

Alternative 4 requires the above equipment as well as additional equipment
discussed later in this section.

There are no foreseeable mechanical difficulties in modifying the
wet-sawing table so that it will tilt forward 90° longitudinally to receive
and clamp in place two BWR fuel assemblies for wet sawing. Ner are there any
foreseeable mechanical or operational difficulties in wet sawing two BWR fuel
assemblies at a time compared with sawing them one at a time. It may be
necessary to modify the clamping and holding devices for the PIR and BWR fuel
assemblies on the sawing table so they are capable of firmly holding the fuel
assemblies in the appropriate position for withdrawing the fuel pins (pin
pulling), and it will be necessary to add longitudinal restraint to hold the
PR assembly against the pulling force.

The pin pulling mechanism required for Alternatives 3 and 4
requires a technology equivalent in complexity to the 1aser device required
for Alternative 2. AGNS is conducting studies and research concerning spent
fuel disassembly and fuel pin canistering at BNFP and have designed pin
pulling equipment with the following spacifications:

- processing rate of 12 to 15 assemblies/day,
- pin pulling rate of 2.54 cm/sec, and
- pulling one fuel pin row during a given 5611.

The individual biter in the pin pulling equipment was designed to
hold a minimum pull 200 1b and to release before an upper limit force of 250 1b
was generated; it was also intended to minimize the biting force required to
meet these previous criteria (50-100 1b), and dimensionally not to exceed the

defined envelope. A prototype biter unit has been built and tested;
_
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conclusion of the testing s that the device will function satisfactorily to
remotely pull fuel pins from an assembly in 3 fuel disassembly process.
Testing has not demonstrated anyvsignificant modifications required.

Based on the experimenta] viork described, 2 multibiter head has
peen designed which will pull a rov of pins at 2 time (7). A device to this
design has been built and is undergoing testing; ultimately it must be tested
with jeradiated assemblies, to demonstrate the feasibility of the process and
the extent that pin failure can occur. Further work is suggested by BHFP in
scoping and jnvestigating alternative hand1ing, examjnation, and assay of the
fuel pins once they are free of the fuel assembly. Results should impact both
safeguarding and characterization of spent fuel. Also, verification of
current results with cimulated jrradiated effects, such @as dimensional
changes generated by both nuclear and thermal processes, subsequent to an in-

depth characterization study, should be undertaken (7).

After the fyel pins are removed from the PWR Fuel assembly, an

approximate1y 3.96 meter long skeleton consisting of the thimble tubes, and

spacers remains. Only the spacers remain after the fuel pins and water rods
are removed fyrom the BWR fuel assembly. A shearing mechanism 1S necessary <
shear the PR fuel skeleton into <mall lengths for placing in a canister. A
suitable shearing mechanism that can be adapted for remote operation, with
manipulator handiing of the fuel skeletons should require minimal development
work. However, a prototype unit should be employed to demonstrate the full
range of operation. This same assessment also is app1ﬁcab1e to the compacter
that has to be adapted to compacting the pieces of fuel assembly hardware in
the canister. | ' '

Alternative 4 vequires much more equipment than fdf Alternative 3,
since in addition to pulling the pins, the pins must be sheared into the inner
canister and smmobilized. The most extensive prior experience in shearing of
jrradiated fuel was that accumu]ated‘at the Nuclear Fuel Seyvices, Inc., West
valley Irradiated Fuel Processing Plant during the period 1966-71. The shear
employed at the West yalley Plant was fabricated Dby Birdsboro pbased on 2
mechanical design developed at the Oak Ridge National Laboratory (ORNL) . A

considerab]e amount of non-radioactive work with simulated fuel assemblies
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had been conducted at ORNL, using a Birdsboro shear of essentially the same
configuration as that subsequently installed at the West Valley Plant.
Certain design features of this shear were less than optimum for the intended
service and problems developed during the cold shakedown operations which
persisted to some degree throughout the five and one-half years of operation.
The difficulties generally were of relatively minor significance, and after a
period of operation, the shear performed generally satisfactorily (13). A
device for shearing fuel pins was also installed by General Electric at the
Morris Plant (14).

The French firm Saint Gobain Techniques Nouvelles (SGN) has
designed and fabricated five shears for processiné irradiated fuel, one of
which is installed at the Barnwell plant of AGNS. The shear proposed for this
operation is that bésed on the SGN/AGNS machine, which employs several
basically different design approaches to those components of the shear which
gave problems in the NFS machine. Although the AGNS machine has not been
operated on irradiated fuel, extensive cold shakedown operations, including
checkout of the remote blade change and other maintenance procedures, does not
appear to have indicated any fundamental problems with the shear. SGN shears

. of generally similar design have been insta]]eq in reprocessing plants in

France, dJapan, and India, and have been operéted with irradiated fuel.
Details of the operating experience with these shears, however, is not
available.

The vacuum encapsulation and heat treat furnaces required for spent
fuel immobilization are generally similar to equipment which has been used :in
similar types of commercial as well as radioactive operations, and should
present no major equipment‘development problems.

A glass matrix has been chosen over cement or metallic alloys.
There is an extensive background of work on the application of various glass
formulations for the solidification of high level reprocessing waste, and a
production facility employing a borosilicate glass formulation for
solidification of reproceésing wastes has been in operation in France for more
than three years (15). It does not appear, however, that any work has been
done on the use of glass as an immobilization matrix for sheared fuel, thus
the Mapp]ication proposed here will require a significant amount  of
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development work. Selection of the glass ceramic matrix as the glass
formulation of choice for immobilizing the sheared fuel is based on the
assumption that the thermal and mechanical properties of such a glass system
would contribute better performance in the intended application than the
standard borosilicate glass formulation.

The adaptation of a number of glass ceramic systems to the
solidification of high level reprocessing wastes has been under investigation
on a small scale by several investigators in recent years (16). In extending
the small scale results to the application proposed here, a number of
uncertainties are introduced. The ability to duplicate in a large scale
container the temperature profile required for successful heat treating is
questionable, and the influence of the thermal properties of the fuel
materials on the behavior of the containers in the heat treat cycle is also an
unknown. A substantial amount of development work will be required,
therefore, and the final demonstration of a satisfactory process must be
conducted on the same or nearly the same size scale as that proposed.
Difficulties which might be expected would be the inability to control the
crystal size adequately, with the development of relatively T%:w

gicrystals,
rather than the micro-crystalline structure desired. :

Some problems are foreseen in conducting the _encapsulation
operation according to the procedure set forth for Alternative 4, which will
require considerable development work before the feasibility of the process
as proposed can be demonstrated. Principal problems which are foreseen are:

a. The proposed glass formulation is expected to require a fusion
and casting temperature in the range of 2200-2375F (1200-
1300C); this can be expected to pose some problems in the
melter, which would be the Pacific Northwest Laboratories
(PNL) Joule-heated melter (17).

b. The operation would be conducted under vacuum, and would
require that the canister of sheared fuel pieces be raised to
approximately the casting temperature before the glass intro-
duction is commenced. . The vacuum on the system would be
relieved as soon as the molten glass covered the sheared fuel
body. The extent of out-gassing of the sheared fuel under
these conditions cannot be predicted with accuracy, nor can
the extent of migration of volatile fission products be quan-
tified. An off-gas treatment system more complex than that
described for Alternative 2 may be required.
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¢. The inner canister ‘material proposed is 0.318 cm stainless
steel, selected in order to provide adequate resistance to
corrosion at the temperatures involved. Notwithstanding, it
may prove necessary either to employ a more temperature
resistant alloy, such as Inconel 600, for the inner canister
material, or alternatively, it may be satisfactory to assure
an inert atmosphere in the annulus between inner canister and
the encapsulation fuirnace. Inasmuch as it is likely that the
entire furnace interior would be evacuated during the vacuum
casting operation, provision should be made in the design of
the furnace to assure that any in-leakage during the high
temperature operation is an inert gas, preferably argon.

d. The presence of a substantial fraction of the fuel in the form
of fines can be expected to lead to some processing problems.
Due to the density difference between the uranium o§1de fuel
material, and the glass (approximately 10.0 g/cm” versus
3.5 g/cm ), it would be expected that the larger particles
would remain toward the bottom of the canister; the part1c1es
of a sufficiently small size as to move upward with the rising
glass are expected to react with the glass and become fixed as
a part of the matrix. No information is available on the rate
of reaction of sintered UO2 with molten glass, and such would
have to be obtained. '

e. The lowest temperature at which a satistactory rate of glass
flow and encapsulation of the sheared fuel pieces can be
achieved should be determined early in the development
program, as lower temperatures during this phase of the opera-
tion would result in significant decrease in operating and
material problems. &

Safeguards for Alternative 4 require that a suitable system of
traceability from identified assemblies to identified canisters be imple-
mented, since individual accountability of spent fuel by assembly is lost as
soon as the fuel bundles are disassembled. Any identification etched or
stamped on the individual fue] pins is lost when the pins are sheared. The
sheared fuel is not considered to be easily accessible beq
level of radioactivity present, however in this form the fhe] is in a more
dispersible form than for the other alternatives. &

!
The acceptability of the waste form of Alternat1ve 4, from the
standpoint of long term package 1ntegr1ty and radioactive re]edses, should be
at least as good as that provided by the other a]ternatlves% Although the

barrier presented by the cladding has been breached by the shearing process,

ause of the high
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the additional barriers presented by the glass matrix and inner stainless
steel canister should provide the sheared fuel a high level of protection*.

4.2.1.3 Ranking of Alternatives

The relative simplicity and the great deal of prior experience in
the removal of end fittings from assemblies causes Alternative 1 to be the
most desirable method of spent fuel disposal of the four alternatives from a
technical standpoint. Alternative 1 can be considered to be essentially
technically equivalent to the Reference Process.

Following Alternative 1 in ranking by technical assessment are
Alternatives 2 and 3. The complexity of the pin pulling mechanism of
Alternative 3 and the Tack of experience of pulling pins from irradiated fuel
assemblies are its major technical drawbacks. The complexity and required

 precision of the laser needed to vent and reseal the fuel pins are even more

severe drawbacks for Alternative 2, but to an extent, those factors. are
mitigated by the greater acceptability of the waste form because of the
release of internal pressure within the cladding; therefore Alternatives 2
and 3 are considered to be technically equivalent. Alternative 4 is the least
desirable method of fuel disposal from a technical standpoint. The process
technology involving immobilization is not well developed and is likely to
take considerable time to complete. Alternative 4 also shares with
Alternative 3 the technical drawbacks associated with the pin pulling
equipment. Furthermore, there is not a significant amount of prior experience
to draw upon in the development of the immobilization process on the scale
required, and the technical advantages of such a procedure are largely
speculative. '

*Einziger, Himes and Cash (18) state, "It is apparent that the release rates
for all waste forms considered are comparable with none having any obvious
superiority" (p 70). They down-rate the sheared/immobilized waste form,
however, "because of uncertainties in fuel state due to loss of cladding
integrity and additionally lack of time delay before onset of release in the
case of a premature canister breach" (p 72). It should be noted that
Einziger, et al, did not take into account the sealed stainless steel inner
canister in their analysis; they also assume that the stabilizer is cracked
and the sheared fuel is exposed to leaching immediately following breach of
the canister. In fact there would be a delay equivalent to the time required
to breach the inner canister.

72



R

W Tete ARG

I

AL S

4.2.2 Operating Assessment

This section considers the operational aspects of each alternative
reiative to the Reference Process, including an assessment of the additional
material handling requirements and the product and operational quality

~assurance needs.

It has been assumed in this assessment that an appropriate
development program has provided adequate information for gjood hardware and
equibment design to perform- the necessary operations, including a demon-
stration of the ability to perform the regquired operations repeatedly and
safely. It is assumed, furthermore, that the operating life and maintenance
requirements of the key components have been developed and demonstrated to a
satisfactory degree of confidence.

4,2.2.1 Basis of Assessments

The operating assessment considers the aspects of ihe prrocesses
from the standpoint of problems 1likely to be encountered in operation,
control, maintenance, operational and product quality 'assurance, and any
other special considerations related to facility, equipment, and process
materials. In developing an operating assessment“cf each process for purposes
of comparing it to one or more alternative methods accomplishing the same
objective, thg complexity of the process in terms of the number and character
of the operational steps involved and the problems likely to be encountered in
adapting existing equipment and techniques are of considerable importance.
The extent of mechanical operations which must be conducted in the remote
rad1oact1ve environment is a significant consideration in evaluating one
process against an alternative, as is also a requirement for equipment which
must be serviced and maintained by hands-on methods. A matter of particular
concern in assessing the feasibility of process equipment for remote oper-
ation in radiochemical environments is that of equipment reliability and ease
of maintenance or replacement. Control of product quality to predetermined
standards is an operational prob]em’of considerable significance in processes
for preparing radioactive material for long-term storage or disposal. The
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need for special facilities or materials and the processing required for
secondary wastes generated by each process were identified and evaluated.

The nunber of packages to be transferred from the above-ground
facility to the repository is a consideration in assessing the operational
complexity, as is also the underground handling involved in emplacing the
packages. Material handling is, in fact, the dominant basis for assessing the

mining activities, as the level of operating activity in the repository is

determined by the number of packages received. The operational assessment
thus considered both above-ground and below-ground factors. *

The operational steps which differ for each alternative and the
Reference Process were shown in Figure 4-10. These are the operational
process steps which are to be evaluated. Those areas of commonality are not
assessed except to recognize the reduction in material handling due to reduced
number of canisters in Alternatives 3 and 4. '

4,2.2.2 Comparison of Alternatives

The steps or operations which are required for removing the end
fittings are common to each alternative and are straightforward and not
complex. Additional handling of the assemblies oc.urs in placement of the
assembly on the saw table and correct positioning for the cutting operation.
Additional material handling over that of the Reference Process occurs in
placing the end fittings (and baiis) into a canister. There is an additional
canister to be handled for approximately every 36 BIR assemblnes processed and
one for every 25 PVR assemblies. Changing the fines collection vessel and
disposing of the fines should occurignce a week.

The process control for the end fitting removal operation requires
precision in adjusting the saws to proper cutting position on fuel assemblies
and in aligning the canister for receiving a fuel assemb'y. Equipment will
be designed for remote maintenance or replacement by remote manipulation.
Worn or broken saw blades will need replacement periodically. The process
equipment must be generally rugged yet capable of precise positioning; it
should not be subject to a high rate of failure with the possible exception of
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the saw blades. The Weld and Test Cells of each alternative are designed so
that there is reasonable plant downtime available to cope with both expected
and unexpected equipment failures and still meet throughput capacity.
Capability to handle variations in the design ano/or type of fuel assemblies
can be accommodated with adjustable positioners and clamps on the sawing table
and adjustable sawing mechar.isms or horizontally movable saws. To the extent
required, variations in the lengths of assemblies will be acconuodated by
different lengths of canisters, and the equipment will be capable of accepting
these variations as well.

Quality assurance measures for end fitting removal are not
difficult and can be easily accomplishcd. Visual observation, together with
interlocks between the saw table and saw mechanism will minimize the
possibility of inadvertently cutting a fuel assembly at the wrong place.
Records will be maintained identifying the fuel assemblies (h4at are placed in
each canister as well as any fuel assemblies having breached fuel pins‘and
their disposition. Also, canisters containing the end fittings will be
identified.

Operational and maintenance problems for all alternatives are
therefore increased over the Reference Process by the end fitting cperation
and the above asséﬁsments are applicable to each alternative. For Alternative
1, insertion of the fuel assembly into the canister completes the
discrimination between Alternative 1 process and the Reference Process as far
as operations are concerned.

For Alternative 2, after end fitting removal, the process includes
verting and resealing the top ends of the fuel pins. Piercing, venting and
resealing the individual fuel pins is envisaged as being accomplished by a
programmed sequence and movement of a laser that is correctly positioned to
penetrate, vént and reseal each individual pin. This additional process step
involves more material handling of the same material as the Reference Prncess
and:Alternative i, with additional risk of accident.

The additional waste stream inherent in Alternative 2 results from
the radioactive gases vented from the pierced fuel pins. Handling this vented
off-gas stream is discussed in the preceding Section 4.2.1.
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Process controls include an interlock between the laser operating
mechanism and the positioning mechanism which precludes activitation of the
laser if it is not focused on the end of a fuel pin, a scanning device, and
controls for the vacuum apparatus and system which are standard industrial
items.

It is difficult tn conceive of remote maintenance being performed
on the laser optical equipment in the hot cell; it will therefore have to be
designed for ready removal for maintenance or repair; there i$ no expericnce
to estimate a failure rate for the laser mechanism. There should be minimal
maintenance rcquired dﬁ the vacuum chamber once it is installed and testad;
however, the apparatus that provides the vacuum tight scal around the girth of
a canister should be capable of easy rep]acemenpb, Both the vacuum pumping
equipment and the cryogenic unit will have to be shielded because of the
radiokrypton. Since krypton is a gas, they can be:asily decontaminated for
contact maintenance. The possibility of contaminatigén of the vacuum inducing
apparatus with radioiodine and tritium requires that means be provided to
decontaminate this system.

The laser system should be capable of being programmed for various
standardized fuel pin arrays, giving Alternative 2 the same process latitude
as Alternative 1 or the Reference Process. Some level of quality assurance
will be provided by appropriate programming of the Tlaser cycle; visual
monitoring would provide a coarse inspection of the venting and resealing
operation. Incompietely resealed pins would not be reprocessed, nor would any
intensive inspection procedures be adopted to identify such pins.

Following the resecal operation the partially inserted assembly is
pushed all the way into the canister and proceeds through process operations
as the Reference Process and Alternative 1. Humber and size of canisters is
the same as Alternative 1.

Afters the end fitting removal, the assembiies of Alternatives 3 and
4 go through an additiona’ disussembly operation. The fuel bins are puiled
from the assembly grid and collected for insertion in a canister (Alternative
3) or a shear magazine (Alternative 4). The remaining skeleton or spacers are
compacted and packaged as well as the end fittings.
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Pulling the fuel pins from an assembly, cne row at a time, in
principle, is a comparatively easy operation; however, problems can be
expected if the fuel pins stick in their spacers. The multiple-head biter
device for pulling a row of pins can also be expected to be a source of
operational and maintenance problems. The long and narrow fuel pins are quite
flexible and considerable care must be exercised during their handling as
individual pins or as a collected group. Handling the individual pins and
pushing groups of them into the multi-section canister or the square shéar
magazine can be accomplished with 1ittle difficulty provided these operations
are done carefully. Proper precautions must be taken to avoid dropping the
pins from the collection table and trough and to avoid excessive cross-overs
and/or bending. The efficiency of the operation is dependent on a low pin
pu]ling failure and/or sticking rate during the pulling operation. Once a
fuel pin is stuck at the point of cut-off pulling force, it will have to be
disTodgcd by specia]ghand11ng, and for this purpose, the assembly would be
transferred to the Special Function Cell. In Alternative 3 broken or ruptured
fuel pins will be placed in containers and sent to the Special Function Cell
for processing., There is a greater possibility of contaminating the cell and
equipment during the operation than for the Reference: Process or
Alternatives 1 and 2; therefore, the cell must have the capability to handle
and control a considerable amount of decontamination waste. ”

The biter jaws are the most susceptible items for replacement;
quick in-cell replacement is desirable. The skeleton shearing mechanism jaws
should be capable of replacement by the use of remote manipulation. The
pushing pad for the fuel pins will have to be replaced as e unit. The
remainder of the equipment associated with the pin pulling operation is

‘mechanically or hydraulically operated and.can be ruggedly constructed so
that little if any maintenance should be necessary.

There is no operating experience for estimating the failure rate of
the Liter jaws and unit; however, the Weld and Test Cells are designed to
accommodate a reasonable amount of downtime and still meet production
capacity.

Rigid quality assurance measures are required during design and
fabrication of the biter units and the transducer unit in the pushing pad of
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the hydraulic ram to assure proper functioning and reliability of those items.
The quality control measures also extend to the maintenance and repair of the
biter wunits and other critical hardware at the packaging facility.
Documentation and control programs together with a records system which
assures reliable information on the identity of the nuclear material must be
implemented.

After the pins have been placed in the canister sections,
subsequent operations are the same as for the Reference Process and
Alternatives 1 and 2. Because of the increased fuel loading in the canister,
there are only 30 percent of the number of spent fuel canisters required for
Alternative 3 than for the Reference Process and Alternatives 1 and 2.
Although the remaining process operations are the same as the Reference
Process, the reduction in canisters means considerably less material handling
for Alternative 2, and a sharply reduced requirement for package materials and
emplacement hole operations.

The process of Alternative 4 picks up at the point where the pins
fron 3 PR assemblies or 8 BIR assemblies have been placed in a shear
magazine. Subsequent operations involve shearing the fuel pins and high
temperature glass pouring and heat treating steps. Considerable radioactive
particulate is generated, and radioactive off-gases may be released in
sufficient quantities to be troublesome. Considerable remote handling of
heavy, hot radioactive containers is required, and the shear equipment will
require moderately complex reiiote nainienance procedures. At several points
in the proposed process, canisters are moved from one location to another in
the vertical position on dollies. In addition to lateral movement, some of
these dollies must also be capable of raising and Towering a loaded canister
from a work position to the transfer position, The - requirement for
radioactive dust handling in the Shear/Encapsulation Cell requires
sopiisticated design of the ventilation system. Installation of extensive
decontamination facilities in the cell will be necessary.

The quantity of off-gas released in the Alternative ‘4 process is
expected to require an off-gas processing system. This is an additional waste
stream over the Reference Process and Alternatives 1 and 3; significantly

9
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greater quantities of off-gas are likely to be encountered in Alternative 4
as compared to Alternative 2. The additional processing operations for the
off-gas treatment have not been defined, but are likely to have several
complications. Plateout of iodine in process lines and equipment may occur;
the process may have to be operated under a vacuum, which will create further
radioactive material’control problems. Another secondary waste stream will
be the decontamination solutions and loaded particulate air filters.

Precise control of the temperature profile during the heat treat
cycle is required, including control of both the rate of heating as well as
the rate of cooling of the inner canisters following the encapsulation
operation. This is a reasonably straightforward control problem and should
not present unusual difficulties in reliability. ’

In the Shear/Encapsulation Cell, it can be expected that
significant quantities of radiocactive particulate will be present and
equipment requiring maintenance will have to be decontaminated before removal
from the cell. Provisions for control of radioactive contamination include
airlocks at the access points of the Shéar-Encapsu]ation Cell. The shear
proposed for Alternative 4 has been designed for ease of remote rép]acement of
the knife and replacement of other components which may give difficulty.
Maintenance on the furnaces is likely to be a source of operating difficulty.
A signitizant failure rate is inevitable with the amount of mechanical
equipment required. A reasonable level of maintenance outages can be
sustained without prejudicing the production goals.

There do not appear to be any inherent restrictions in the
capability of the process to handle any fuel which is likely to be presented;
thus, Alternative 4 is the same as the Reference Process and the other
alternatives in respect to process latitudes.

The operability of the process will be strongly influenced by the
quality of the design and the conformance of the equipment installations to
the design intent. Verification of the quality of the product by direct, non-
destructive means does not appear feasible; thus, control of the product
properties must be based on careful adherence to a predetermined process
procedure. = The formulation of the glass matrix material must be carefully
controlled, and the prescribed heat treatment cycle must be followed
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precisely. Short of sectioning a canister for internal examination, there
appears to be no way to verify the integrity of the encapsulation.

Because of the nature of the quality control situation, as
described in the preceding paragraph, it will be necessary to assure that
considerable process documentation s maintained, as final product
certification will have to be based on reliable information concerning the
formulation of the glass matrix, processing times and temperatures, heating

Jrates, cooling rates, and at least during the initial hot operations, internal

canister temperatures. While not a difficult task, this will require a well-
organized system and meticulous attention to detail in its implementation.

A number of special demands on the facility and equipment design
have been discussed in the preceding paragraphs. These include the need for
addressing such matters as the design of process equipment for ease of ramote
operation, remote servicing and replacement of components, and
decontamination for hands-on maintenance work. The fazility ventilation
system must be designed with full consideration of the need for controlling
airflows to minimize the possibilities of dispersion of particulate
radioactivity from the Shear/Encapsulation Cell; airlecks must be provided at
the process accesses to this cell, and ventilation air fram this cell must be
filtered before departure from the cell. V& ¥ilation capacities in the
various ventilation zones must be adequate, and the inter-zone controls
designed to minimize the possibility of flow reversals due to pressure
perturbations in the system, which might result in transport of particulate
contamination to occupied areas of the plant.

The number of spent fuel canisters resulting from this process is
the same as that of Alternative 3 .and 30 percent of those required by the
Reference Process and Alternatives 1 and 2. Following welding of the closure
on the inner canister, the remaining operations are the same as the Reference
Process. As was the case for Alternative 3, there will be considerably Tless
material handling, sharply reduced usage of package materials, and reduced
repository operations.

81



4.2.2.3 Ranking of Alternatives

In comparison to the Reference Process, &1l the alternatives
require added operational steps. A1l the processes require additional
facilities and equipment, which increase operational and maintenance
problems. Alternative 4 is clearly the most complex, and involves the
greatest uncertainties in the feasibility of the required operations. In
terms of handling and the level of effort required in the repository,
Alternatives 3 and 4 are outstanding due to the reduction by 65 percent of the
number of canisters, both spent fuel and scrap, ~to be emplaced. Some of this
advantage 1is offset by the substantial additional in-process material
handling required by Alternative 4.

Alternatives 1, 2 and 3 are not sufficiently more complex than the
Reference Process to make them unattractive from an operational standpvint.
Alternative 3, however, offers the possihility of reducing the number of
packages to be processed to 35 percent of those required for the Reference
Process. This, and the similar reduction in cask transfer operations above
and . below ground and the reduction in repository operations, makes
Alternative 3 the preferred process from an operational standpoint.

4.2.3 Risk Assessment

Each spent fuel disposal alternative was studied/to compare its
relative risk with that of the Reference Process. Radiation exposures to
personnel from the Lag Storage Pool, Weld and Test Cell and Special Function
Cell areas, transfer cask, and waste package were calculated. Exposure to the
public from the disposal operations and from transportation of the spent fuel
to the disposal facility was considered, as well as the probabi]ity and
consequence of naive intrusion into the spent fuel package by a drilling crew
100 years after repository closure. The potential for accidents due to
criticality, fire, or explosion were also considered.

4.2.3.1 Basis of Assessment

Calculations of radiation exposure to disposal operations personnel
were based on ten year old spent PR fuel. Source strength was based on the

A
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dose rates calculated by Oak Ridge National Laboratory shown in
Figure 4-11 (19). The maximum dose rate (at the assembly mid plane) was used
as representative of the source strength, producing a worst case estimate.
The canistered spent fuel was treated as an isotropic line source. Because of
the varying number and positions of assemblies in the hot cells, the spent
fuel in the cells was treated as an infinite plane source to provide a
conservative estimate. Calculations of the shielding provided by the cell
walls were performed using the buildup factors and density of ordinary
concrete. The calculations for radiation exposure Trom the repository waste
package emplacement considered radiation streaming through the bentonite
backfill as the limiting factor, and it was assumed that the bentonite was
packed about the shield plug at a density less than the theoretical maximum
value. The calculated exposure levels were then compared to the occupational
exposure limits contained in'10CFR20.101(a).

Limitation of exposure to the public from transportation of the
spent fuel is governed by the Department of Transportation (DOT) regulations
for rail or truck shipments of radioactive material (49CFR171-179), and by
Nuclear Regulatory Commission (NRC) requirements for shipment of large
quantities of radioactive material (10CFR71). Exposure to the public fom the
disposal operations was based on the release of radioactive material from the
packaging facility as a result of sabotage. Risk to the public due to
accidental intrusion by a drilling crew into a waste package 100 years after
repository closure was determined using a scenario assuming that a typical
wildcat petroleum well drilling operation strikes a canister and brings the
. radioactive material to the surface mixed with drilling mud. It is assumed,
for the purposes of this scenario, that all records of the existence of the
repository are lost or ignored, as well as all knowledge of radioacti&ity; A
constant level of drilling activity is assumed, based upon the number of
wildcat wells drilled in the United States in 1979. The probability of
accidently dntruding into the spent fuel canister was calculated for each
alternative as a function of the spent fuel canister cross sectional area and
the number of canisters. The probability was calculated for the partial as
well as maximum possible intrusion into the radioactive material. The concept
of risk was used to determine the worst case intrusion.
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4.,2.3.2 Comparison of Alternatives

The radiation exposure to personnel from the Weld and Test or
Special Function Cells, Lag Storage Pool, and transfer cask is acceptable for
the Reference Process, and not significantly different for any of the
alternatives. The possibility of radiation streaming through the bentonite
backfill of the waste package is of greater concern for the Alternative 3 and
4 emplacements because of the greater amount of radioactive material
contained. It is imperative that the bentonite be thoroughly packed about the
shield plug to preclude any gaps or low density segments of material for those
alternatives.

The most significant differences in radiation exposure to personnel
between the Reference Process and alternative processes is likely to be among
maintenance personnel. As discussed in Se;;ion 4.2.2, the alternatives all
require more operations to package the spéﬁt fuel than does the Reference
Process. The additional operations require more equipment, some of which is
complex and may be expected to require more maintenance. Maintenance will
require extensive decontamination of equipment and close monitoring of dose
to maintenance workers. Each alternative requires a sawing operation for
removal of the end fittings. Alternative 2 requires a complex laser mechanism
to vent and reseal the fuel pins. Alternatives 3 and 4 require equipment to
pull the fuel pins from an assembly; Alternative 4 additionally requires a
shearing operation and subsequent immobilization of the sheared fuel. Any
maintenance which is not possible by remote means will require equipment
decontamination and subsequently more exposure to maintenance workers than
expected for the Reference Process due to the additional equipment required by
the alternatives.

Expo§ure to the public due to transportation of spent fuel is not
likely to be significant, and is identical for each alternative and the
Reference Process. Exposure to the public from the disposal facility during
normal. operations will be a fraction of that due to normal background
radiation. In the event of an accident, however, the additional waste stream
of the off-gas processing systems required for Alternatives 2 and 4 represent
an increased potential for public exposure not present in the other
processes.
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Risk to the public in the long term by intrusion into the spent fuel
by a drilling crew 100 years after repository closure has been determined to
be insignificant for each disposal process.

The hazards of accidents due to criticality, fire, and explosion

~ were also assessed for each alternative relative to the Reference Process.

Criticality is not expected to be a problem for any of the processes. There
has been considerable experience in water pool storage of fue! assemblies with
no difficulty in maintaining subcriticaiity. Moderating materials introduced
in the Weld and Test or Special Function Cells will be stringently controlled
and geometrically safe positioning of the assemblies will be maintained. Once
the fuel is placed into the canister, a stabilizer will be added minimizing
the amount of moderator which can be introduced. The close packing of the
fuel pins of Alternative 3 further precludes the possibility of significant
amounts of moderator entering a canister. The potential of fire is somewhat
greater for the alternative processes than for the Reference Process since the
zirconium fines generated by the end fitting removal sawing process are
pyrophoric. However, use of wet sawing should keep the additional fire hazard

- of the alternative; to a minimum. Alternative ¢ presents the most

significant risk ofcfire;because of the elaborate heat treatment required
during the immobilization§process. The most credible potential explosion
would be a result of sabotagé. The consequences of an explosion would be most
severe for Alternative 4 because of the higher dispersibility of the sheared
fuel, but it is not 1ikely that the guidelines of 10CFR100 would be exceeded
at the site boundary if such an event did occur. '

. ‘7,_ .
o

4.2.3.3 Ranking of Alternatives

The only significant difference from the Reference Process fromwthe
standpoint of risk is that of Alternative 4. The higher dispersibility of the
sheared fuel would cause more severe consequences in the event of a disruptive
event than would occur for the other alternatives; therefore in terms of risk
evaluation Alternative 4 is the least attractive process.
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" The relative differences among the remaining three alternatives are
minor. Of these, Alternative 2 is 1least advantageous because of the
compiexity of the laser mecheanism for the venting and resealing of the fuel
pins and the resulting fission gas waste stream, producing a somcwhat greater
risk of contamination in the event of an accident and during maintenance of
the complex equipment. The equipment necessary to renove and close pack the
fuel pins in Alternative 3 is also more complex, but this is partially offset
by the lesser handling of material because of the reduction in nunber of spent
fuel and scrap packages (65 percert). The remote sawing operation during end
fitting removal is an additional potential hazard for all the alternatives,
but thie pasl experience of related operations in the industry indicate that it
entails very low risk. Therefore, from the safety aspect, there is no
significant element of risk in Alternatives 1, 2, or 3 which would override
any advantages in respect to the Reference Process which any of these may
poSsess. )

4.2.4 Economic Comparison

The basis used for estimation of packaging and disposal costs for
spent fuel was that set forth in the Bechtel CRRD report (1). However, these
costs were modified to provide for the inclusion of a stabilizer hetween the
-spent fuel and the canister, to cover the added expense of the recommended
spent fuel package design (see ‘Section 3.3), to account for the different
capital and operating costs of the alternative processes relative to those of
the Reference Procces, and to adjust for escalation.

The unit cost for packaging and disposal was calculated using the
same basic methodology employed by DOE in developing its estimated charges for
spent fuel storage and disposal (20), assuming that the facilities would be
operated at about one-third capacity during the initial five years of
operation and at full capacity thereafter.

4.2.4.1 Capital Costs

The capital costs for packaging and repository facitities for the
disposal of spenc fuel by the Reference Process and.the alternative processes
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are set forth in Table 4-1. The costs which were based on the CRRD were
escalated from the second quarter of 1979 to June 1980 based on changes to
U.S. Department of Commerce Composite Construction Cost Index (factor--
1.1324). The Bechtel estimaies associated with underground development of
the repository were modified to cover the additional cost of welding and
radiography equipment and additional liner emplacement 2quipment necessary to
effect welding on-site, testing and emplacemert of the reference package
Inconel liner.

The Tlower costs shown for the repository facilities of the
alternatives was due to the slightly smaller volume of salt rerovaed during the
mining of rooms for the first five years of operation (which were inciuded
in the initial capital costs). .The lesser amount of mining for Alternatives 1
and 2 is due to the shorter spent fuel packages resulting from removal of the
end fittings. The effect of a shorter spent fuel package for Alternative 3 is
somewhat mitigated by the slightly larger diameter required, but the greatest
reduction is the result of a lesser amount of emplacement equipment requircd
irasmuch as the fuel pins from either 3 PWR fuel assemblies or 8 BWR fuel
assemblies couv’” be contained in a single emplacement canister, thus reducing
the emnlacement requirements of the spent fuel and the scrap by about
65 parcent. The same reduction in emp]ahement requirements is possible for
Alternative 4 but the larger spent fuel package diameter requires more
excavation than for Alternative 3.

The higher cosis shown for the waste handling facilities of the
alternatives is due to the increase in equipment and space necessary to effect
the additional operations required to modify the spent fuel assembly.
Fiternative 1 required more equipment and hot cell space to conduct the end
fitting removal operation and associated auxiliary facilities, and this
increase was common to the other alternatives as well. Alternative 2.reduired
hot cell space and equipment in addition to that required by Alternative 1 to
effect the venfing of the fission gases, resealing of the fuel pins, and
handling of the off-gas waste. The additional hot cell space and equipment
required by Alternative 3 was rei ited to the removal of the fuel pins from the
gssembly skeleton and their subsequent insertion into the canisters.
41ternative 4 also required the rewoval of the fuel pins from the assembly

1
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‘ TABLE 4-1
ESTIMATED CAPITAL COSTS OF PACKASING AND REPOSITORY FACILITIES
FOR THE DISPOSAL OF SPENT FUEL
($-Millions, 1980}

Reéference Alternative Alternative Alternative Alternative
Process 1 2 - 3 4
General Site Facilities $ 32.8 $ 32.8 $ 32.8 $ 32.8 $ 32.8
» Utilities and Site .

Distribution Systems 89.5 89.5 89.5 89.5 89.5
Repository Facilities 294.9 ) 293.0 293.0 281.3 282.5
Waste Handling Facility 200.3 7 218.8 242.9 240.8 368.0
Gther Buildings 43.0 43.0 43.0 43.0 43.0

Sub Total $ 660.5 $677.1 $701.2 , $637.4 § 8i5.5
Engineering (15%) 99.1 _ 101.6 105.2 103.1 122.4
Contingency (20%) 132.1 135.4 140.2 137.5 g 163.2

Total $ 891.7 $ 914.1 $945.6 - $928.0 $1,101.4







skeleton, plus additional hot cell space and equipment to shear the fuel,
immobilize the sheared fuel in glass, and package the gaseous and solid
process wastes. )

4.2.4,2 Operating Costs

The operating costs estimated by Bechte® for the CRRD included the
cost of canisters as well as depreciation. Moreover, the Bechtel estimates
were based on what appeared to be an average for each of three periods of
operation of the facilities. Ih each period an increasing amount of fuel wa§
scheduled to be emplaced in accordance with a specific scenario of fuel
availability. However, for the purposes of this study, it was assumed that
oh]y two scenarios of disposal oberations would be involved--during the first
5 years of opleration spent fuel would be packaged and emp]éped at a rate of
1500 MTU/year and thereafter packaging and emplaceme.t would ﬁroceed at a rate
of about 4500 MTU/year. . Accordingly, the operating costs for these two
scenarios of operation vere determined as follows:

..
vl

(1) Each element of operating costs was determined by
interpolating (for the 1500 MTU/year rate), or .
extrapolating (for the 4500 MTU/year rate), the ~
individual costs in the CRRD for the various average
capacities sof operation described therein. (The

~ costs of canisters, liners, and depreciation was
excluded from the operating costs and were handled
separately). A - f

(2) The operating costs obtained from (1), above were:

escalated to June 1980, from the second quarter of
1979 based on changes to the Wholesale Price Index--

- Industrial Commodities for Materials (factor--

- 1,181), the Average Hourly Earnings of Workers on
Miring Payrolls for Labor and Supervision (factor--
1.UC4?, and the Wholesale Price Index--Fuels for
Utilities (factor--1.527) as appropriate.

(3) The estimated cost of 1labor and supervision
associated with the welding of Inconel liners and
the added effort of emplacement thereof was added to
the labor and supervision cost obtained in (2),
above,
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Summaries of the annual operating costs thus obtained for the initial 5-year
operation period and for the per1od of full operation are set forth in Tables
4-2 and 4-3, respectively.

Although there "was a slight increase in the operating costs
associated with the process and packaging operation of Alternative 1 over
those of the Reference Process due to the additional processing steps
involved, these were more than offset by lower costs in the repository opera-
tion due to a lesser quantity of salt that had to be mined (about a 6%
reduction in emplacement room volume). A]ternatwve 2 benefited from the same
lower cost associated with repository operation since the same lesser
quant1ty of salt had to be mined, but the higher costs of operations
associated with end fitting removal, fuel pin venting and resealing, and waste
gas handling operations combined to produce 2 higher operating cost than for
the Reference Process. Alternative 3 also required a relative increase in
operating costs associated with the disassembly operation compared to the
Reference Process, but these were more than offset by lower costs in the
repository operation due to the lesser quantity of salt that had to be mined
and the need ‘to effect fewer emplacements (only about 35 percent of thase
reduired by the Reference Process). A]ternative 4 benefited from thc same
decrease in the number of emp]acements required and in a similar lesser
quantity of salt that had to be mined, but these savings were more than offset
by the increased cost of operation associated with the d1sassemb1y, Shearing,

I

and 1nmob111zat1on process.’

4.2.4.3  Package Costs

The costs of materials required for packaging were estimated base
on the assumption that all fabrication of the canisters,,liners, cages, and
piugs would be performed by outside suppliers, Of course, the welding of the
cap on the can1ster after the spent fuel had been inserted therein would have
to be accomp11shed at the packaging and repository facility, as would
inclusion of the stabilizer, the assemb1y of the liner {from two pieces), the
Tiner emplacement and the final weld sealing of the liner. The costs for
these activities have been included in the capital and operating costs as
descr1bed in Sections 4.2.4.1 and 4.2.4.2.

)
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TABLE 4-2
'ESTIMATED ANNUAL OPERATING COSTS FOR PACKAGING AND REPOSITORY

FACILITIES FOR THE INITIAL 5-YEAR OPERATION PERIOD

Labor and Supervision

Supp11es

Maintenance Materials

Equipment Replaéemcnt‘

Utitities

Administration & Overhead
Sub Total

Contingency (15%)
Total

Reference

Process

$ 28.3
2.2
9.7
5.9
9.8
_10.4
$ 66.3
9.

$ 76.2

' Labor and Supervision
Supplies
. Maintenance Materials
Equipment Replacement
Utilities
Administratien & derhead
@ ' Sub Tetal
r Contingency (15%)

Reference
Process

T8 29.9

4.6
9.7

($ Millions, 1930) i
Alter?ative Alte;native A]tegnativc Alteznative
$ 27,9 $ 28.1 $24.8 $ 26.1
2.2 2.3 2.3 2.6
9.8 10.0 9.9 ‘ 10.5
5.8 5.8 5.7 5.7
10.1 10.4 10.3 13.3 \
10,2 10,3 _10.1 0.4
$ 66.0 $ 66.9 $ 63.1 $ 68.6
9.9 10.9 __ 9.5 0.3
$ 75.9 $76.9 -$72.6 $78.9
TABLE 4-3 ;
ESTIHATED ANNUAL OPERATING COSTS FOR PACKAGING AND REPQSITORY
FACILITIES FOR THE PERIOD OF FULL OPERATION i
(S Millions, 1980) '
A]ter?ative Alternative ‘Aite;natfve Alteznative ;
$ 29.4 $ 29.7 $ 26.2 $27.6 F
4.6 a9 4.7 5.4 :
9.8 10.0 ° 9.9 10.5 ¥
5.8 5.8 5.7 5.7
- 15.1 15.6 15.4 18.4
12.1 12,2 1. 12.3
$ 76.8 $78.2 $73.6 $79.9
11.5 11.7 »__11.0 12.0
$ 88.3 $ 89.9 384.6 $91.9

Total
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The estimated costs of packaging for both urmodified PWR and BWR
assemblies for the Reference Process and each alternative are summarized in
Tables 4-4 and 4-5. (Sec Appendix B for details of the development of
canister and liner costs).

TABLE 4-4
ESTIMATED COSTS OF PACKAGING COMPTNENTS FOR PWR SPENT FUEL
' ($/Package, 1980)

Alternative

Reference Alternatives Alternative
< Component Process 182 3 4
Canister - $14,830 $14,240 - $14,400 $16,600
Cage 800 790 890 2,400
Liner . 59,220 57,660 -58,760 72,410
Plug 770 770 : __ 790 920
Tota) $75,620 $73,460 $74,840 $92,330
TABLE 4-5

ESTIMATED COSTS OF PACKAGING COMPONENTS FOR BIR SPENT FUEL
($/Package, 1980)

Reference Alternatives Alternative Alternative
Component Process 182 3 . 4
Canister $16,250- $14,970 $15,140 $18,390
Cage 1,140 # 1,080 900 2,610
Liner U62,860 59,610 60,840 77,610
Plug 770 770 790 920
Total $80,990 $76,430 $77,670 $99,530

The total package costs (for both PR and BWR fuel) of Alternatives
1 and 2 are lower then those of the Reference Process because a shorter
package is required for the fuel with the end fittings removed than for the
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unrodified fuel. The Alternative 3 packages share a similar advantage in
length, but « slightly larger (1.3 cm additional) canister diemeter is
required to contain the fuel from 3 PKR or 8 BWR assemblies which offsets some
of the gain achieved by the shorter length. The Alternative 4 packages cost
more than those of the Reference Process as a result of the use of two
canisters--an inner canister which serves as the immobilization process
vessel in addition to the standard titanium canister, and the larger diameter
(14 cm additional) can1ster\requ1red which also caused the overall size of
the emplacement package to be larger,

Direct compar1son; of the costs of the a]ternative/ packaging
compenents with the Reference Process can be misleading because of the
different capacities for spent fuel of the Alternative 3 and 4 canisters.
Since those alternatives' packéges can contain the fuel from 3 PR assemblies
or 8 BWR assemblies compared to 1 PWR assembly or 2 BWR. assemblies for the
packages of the Reference Process or Alternatives 1 and 2, comparatively fewer
spent fuel packages (70 percent less) are requ1red The resulting savings in
package costs for Alternatives 3 and 4 produce a distinct economic advantage
relative to the Reference Process, Alternative 1, or Alternative 2. The
package cost per fuel assembly provides for a clear economic comparison of the
a]ternat1ves with the Reference Process and are shown in Table 4-6.

TABLE 4-6
PACKAGE COST/ASSEMBLY FOR PWR AND BIR SPENT FUEL
Qrm ($/Assembly, 1980)
Reactor Reference Alternatives Alternative  Alternative
Type _Process 182 3 4
PWR 7 $75,620 $73,460 $24,950 $30,780
BWR , 40,500 38,220 9,710 12,440
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4.2.4.4 Ranking of Alternatives (Unit Cost)

For the purpose of determining the unit cost ($/kqu) for packaging
and disposal of spent fuel for the Reference Process and each alternative, the
following assumptions were used:

(1) The packaging and repository facility would comnence
cperation at the beginning of 1997,

(2) The construction of the facilities .would be
conducted during the period 1990 to 1996 inclusive;
expenditures of total construction funds would be
made as follows:

1950 5%
1901 10%
1992 20%
1993 20%
1994 25%
1995 15%
1996 5% .

(3) Spent fuel would be received, packaged, and enplaced
at a rate of 1512 MTU/year during the first & years
of operation and thereafter at a rate of 4535
MTU/year until the capacity of the repository was
reached. Sy ' , ’

N

(4) The annual package costs tabulated for the
alternative processes assume that the end fittings
removed from the spent fuel would be packaged in the
same type and size of canister used for the spent
fuel, but would not be emplaced in a liner assemhly,
It was estimated that there would be a total of 250
canisters each of end fittings from PWR and BWR fuel
for disposal in each full operating year and 83
canisters of each of the two end fitting types in
each year of the initial five yea: operational
period. It was assumed that the only package cost
associated with the end fittings wo.uld be that of
the canisters required to contain them. Alternative
3 requires an additional 96 canisters of compacted
PR skeletons and ' canisters of compacted BWR
spacers for dispos.i! n each full operating year,
while Alternative 4 requires an additional 54
canisters of compacted PWR skeletons and 12
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canisters of compacted BWR spacers. One-third of
these amounts are required in each year of the
initial five-year period.
The costs incurred each year were then discounted to 1980 using a
7.5% discount rate, which was that uscd by DOE in developing its latest
estimate of charges for spent fuel storage and disposal. The unit cost was
obtained by dividing the discounted costs by the discounted quantities of
spent fuel received at the packaging and repository facility; this is the same
as equating discounted costs to discounted revenues inasmuch as discounted
‘revenues can be obtained by the product of discounted quantities and a fixed
unit cost. Table 4-7 sets forth a schedule of discounted quantities of spent
fuel and Tables 4-8, 4-9, 4-10, 4-11, and 4-12 set forth a schedule of the
total costs for packaging and disposal of spent fuel and the unit cost

)

calculation derived therefrom.
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TABLE 4-7
DISCOUNTED AMOUNTS OF SPENT FUEL RECEIVED FOR
PACKAGING AND DISPOSAL

(MTU)
Actual Amounts Amounts Discounted

Year Received @ 7.5% to 1980
1997 1512 442
1998 o 1512 411
1939 o 1512 383
2000 : 1512 356
2001 : 1512 ~ 331
2002 4535 ' 924.
2003 ” . 4535 ‘ ' 859
2004 4535 . 799
2005 : 4535 ¢ ‘ 692
2006 : 4535 692
2007 4535, 644
2008 o 4535 599

T2009 4 4535 : 557
2010 . 4535 - - 518
2011 4535 ' ) 482
2012 | , 4535 ‘ 448
2013 ‘ 4535 | 417
2014 % 4535 o ' 388
2015 ‘ " 4535 " 361

" 2016 2 - 4535 ) | 336
2017 - 1995 t 137 -

77 ,580. ) 10,828
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TABLE 4-8

TOTAL AND UNHIT COSTS FOR PACKAGING AND DISPOSAL OF

Capital

UNMODIFIED SPENT FUEL (REFERENCE PROCESS)

($-Millions, 1980)

-+ 2006

Operating Package
Year Costs Costs Costs
1990 $ 45
1991 89
+1992 178
1993 178
1994 223
1995 134
1996 45 L
1997 $ 75 $ v2719
1998 75 279
1999 75 279
2000 75 279
2001 75 279
2002 89 . 837
2003 89 837
2004 89 837
2005 89 837
89 837

2007 89 837
2008 89 837
2009 89 837
2010 89 837
2011 89 837
2012 89 N 837
2013 89 > 837
2014 89 837
2015 " 89 837
2016 ' 89 837
2017 " 39 368

$ 892 $1,754 $14,318

Total Total Cost Discounted

$2618-million

10828 MTU

98

Cost @ 7.5% to 1980
$ 45 $ 22
89 40
178 | 75
178 70
73 81
134 "5
45 14
354 104
354 97
354 90
354 84
354 78
926 : © 189
926 | 175
926 163
926 152
926 141
926 © 131
926 - 122
926 114
926 . . 106
926 98
926 92
926 85
926 v 79
926 74
926 69
407 8
$16,964 $2,618
= $242/kqU
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TABLE 4-9 :
TOTAL AND “UNIT COSTS FOR PACKAGING AND DISPOSAL OF
SPENT FUEL WITH END FITTINGS REMOVED (ALTERNATIVE 1)
($-Mi11jons, 1980)

Capital Operating  Package Total  Total Cost Discounted

Year - Costs =~ Costs Costs + Cost @ 7.5% to 1980
1990 $ 46 $ 46 $ 227
1991 91 91 41
1992 183 = 183 77
1993 183 ’ o 183 71
1994 228 , 228 82
1995 137 : o 137 & 4€
1996 46 , a6 14
. 1997 $ 760~ $ 270 346 - 101
1998 2 7€ 270 346 : 94
1999 : 76 270 346 88
2000 76 ' 270 346 81 |
2001 76 270 346 N o 16
2002 88 ” 810 898 ' 183
2003 88 810 898 170
2004 88 : 810 ‘ 898 158
2005 88 810 898 147
2006 88 810 898 137
2007 88 810 898 127
2008 . 88 810 898 _ 119
2009 88 810 898 110
2010 88 ‘ 810 898 103
2011 88 810 898 g5
2012 88 . 810 898 89
2013 88 - 810 =898 83
2014 - 88 810 898 77
2015 88 _ 810 898. 71
2016 88 . 810 898 66 -
2017 o 39 356 395 27
$914  -$1,739 $13,856 $16,509 $2,556

A = $236/k
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TABLE 4- 10

TOTAL AND ""NIT COSTS FOR PACKAGING AND DISPOSAL OF
SPENT FUEL WITHK FISSION GAS VENTED & PINS RESEALED (ALTERNATIVE 2)
($-Millions, 1980)

Capital 0perat1ng Package Total  Total Cost Discounted

“Year Costs _ Costs . Costs Cost @ 7.5% to 1980
1920 $ 47 $ 47 ‘s 23
1991 95 ’ _ 85 § K ,
1992. 189 ) 189 ‘ 79 P
1993 , 189 189 74
1994 /238 . 238 .8
1995 142 142 ‘ 48
1996 47 47 S 15
1997 I S ¥ $ 210" 347 . 101
1998 77 - 270 347 94
1999 7 270 347 v ‘ it :
2000 77 270 347 82
2001 77 270 a7 76 |,
2002 « 90 . 810 900 ©ov 183
2003 90 810 900 171
2004 | 90 _ ~ 810 . 900 - - - 159
2005 2 90 810 900 148
2006 90 810 900 <137
2007 90 810 900 © 128
2008 90 810 - 900 . 119
2009 , 90 810 " 900 ‘ 111
2010 : ' 90 410 900 103
2011 90 ) 810 900 96
2012 90 N 810 900 “ 89
2013 90 ) 810 900 . 83 =
2014 90 810 900 -
2015 90 810 900 o° 72
2016 90 - 810 900 : 67
2017 40 - 356 396 27

$ 947 $1,775 $13,856 $16,578 -+ $2,579

$2579-million - $238/kal
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JABLE 411
TOTAL AND UNIT COSTS FOR PACKAGING AND DISPOSAL OF
DISASSEMBLED SPENT FUEL "(ALTERNATIVE 3)
($-Millions, 1980)

Capital Operating Package Total Total Cost Discourted

Year Costs Costs Costs Cost € 7.5% To 1980
1990  § 46 $ 46 § 22
1991 93 - 93 42
1992 186 186 78
1993 186 : 186y 73
1994 232 232 34
/1995 . 139 ' 139 a7
1996 46 - 46 14
1997 $ 73 $ 84 157 46
1993 73 84 157 a3
1999 73 84 157 42
2000 73 84 157 3/
2001 » 73 84 157 34
2002 | .8 253 338 69
2003 8 253 338 64
2004 & 253 . 338" 69
2005 | 85 253 338 . 55
2006 | 85 753 338 " 52
2007 . 85 253 338 43
2008 85 253 ﬁ3aa S » 45
2009 85 253 1338 42
2010 85 253 (338 | 39
2011 : 85 ~ 253 338 36
2012 85 253 338 33
2013 85 253 338 3]
2014 85 253 338 29
2015 85 - 253 338 27
2016 85 © 253 338 25
2017 | 37 111 148 10
Total $ 928 $1677 $4326 . $6931 ~ $1225

$1225-Million _
10878 mry - 3113/kqU
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TABLE 4-12 |
TOTAL AND UNIT COSTS FOR PACKAGING AND DISPQOSAL OF
IMMOBILIZED SPENT FUEL (ALTERNATIVE 4)
‘ ($-Millions, 1980)

Capital Operating Package Total Total Cost Discounted
Year Costs Cosis Costs Cost @ 7.5% To 1980
1990 $ 55 ' $ 55 $ 27
1991 110 119 ‘ 50
1992 220 220 92
1993 220 220 86
1994 276 276 100
1995 165 165 56
1996 55 55 : 17
1997 $ 79 $ 105 184 _ 54
1998 , 79 105 184 50
1999 ’ 79 105 184 47
2000 79 105 184 43
2001 79 105 184 ' 40
2002 92 314 406 83
2003 - 92 314 406 77
2004 92 .o 314 406 - 72
2005 92 . 314 406 Y
2006 - 92 314 406 62
2007 92 314 406 ' 58
2008 92 314 406 54
2009 92 314 406 50
2010 - 92 314 406 46
2011 : 92 314 406 43
2012 92 314 406 40
2013 - 92 314 406 37
2014 92 314 406 35
2015 . 92 314 406 32
2016 92 314 406 30
2017 ' 40 138 178 12
Total $1101 - $1815 $5373 $8289 $1460

|

$1460-Mi11i0n
T0o28 MU~ - 135/kgV
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The unit cost for the packaging and disposal of spent fuel are
summarized in Table 4-13.

TABLE 4-13
UNIT COSTS FOR THE PACKAGING AND DISPOSAL OF SPENT FUEL

Process Unit Cost ($/kqU,1980)
Reference 242
Alternative 1 236
Alternative 2 238
Alternative 3 113
Alternative 4 ‘ 135

It should be pointed out that these costs are not directly
comparable to the unit cost developed by DOE in DOE/SR-0006, since the latter
document also included the cost of research and development, government
overhead, decommissioning, and the operation of a repository system over a
finite time period (1997-2010) in which the packaging and repository
facilities were not used over their full lifetime nor was the capacity of any
of the repos1tory Tacilities reached. Rather the cost calculations contained
in this analysis were based on the operation of a single packag1ng and
repository facility over its Tifetime, operating at about one-third of its
capacity during the first five years of operation and thereafter at its full
design capacity until the total disposal capacity of the reposito:y was
reached. It was believed that the unit costs obtained by this methodology
-would provide a better means of comparing the costs invoived in the various
d1sa§semb1y alternatives. It should be emphasized that the dominant economic
advantage shown for Alternatives 3 and 4 are results of the need for a lesser
number of expensive packages; it should, however, be noted that the economic
advantage of these alternatives is retainéd even at substantially lower
package costs as is shown in Figure 4-12, which compares the unit cost of the
Reference Process and Alternative 3 as a function of the relative package
costs.

&)
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FIGURE 4-12

UNIT COST OF DISPOSAL AS A FUNCTION OF

RELATIVE PACKAGE COSTS
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4.3 CONCLUSIONS

A systems analysis approach was used to develop a basis of
comparison of the alternatives., Assessments were made of the technical,
operational, safety/risk, and economic considerations related to each of the
aiternatives, including both the surface packaging and underground repository
operations.

The objective of the assessments was to provide an evaluation of the
four alternative methods in reference to the disposal of unmodified spent fuei
(Reference Process).

Sixteen principal attributes were identified among the factors
assessed for each process, and each was assigned a weight representing its
significance in the overall evaluation. With the exception of the cconomics
assessment, which was expressed in terms of comparative unit costs in
dollars/kilogram of fuel, each of these principal attributes was divided into
twb or more sub-attribdtes, to which the assigned weight was distributed.

A quantitative basis of comparison was then developed by assigning
to each sub-attribute a number expressing its merit relative to that of the
Reference Process. Summing the products of the individual figures of merit
.and the weight assigned to the sub-attribute permitted a ranking of each of
the processes in each of the four assessment areas. The resulting rankings
are given in Table 4-14.

TABLE 4-14
RELATIVE RANKINGS OF ALTERNATIVE PROCESSZS AS DETERMINED
' BY FIGURE-OF-MERIT EVALUATIONS

Reference ' Alternative Processes
Assessment Area Process 1 2 3 4
Technical 1 2 3 3 4
Operating 2 3 4 1 5
Safety/Risk 1 1 3 2 4
Economics 4 3 3 1 2
Overall 4 3 5 1 2
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It will be apparent that the operating and economic assessments
dominate the overall ranking of the alternatives. This is largely a result of
the fact that the package design employed is a very costly item, and
Alternatives 3 and 4 required only 30 percent of the number of spent fuel
packages required for the Reference Process and Alteruatives 1 and 2. Thus,
not only are the overall packaging costs substantiaily lower for these
processes, but the level of operational activity required to handle and
emplace the waste packéges is greatly reduced. It should be noted also that
the overall cost advantage of Alternative 3 would be retained - Ithough the
magnitude of the difference would be Tess - even if a much less costly package

i,

were used, as is clearly shown by Figure 4-12.

The weighting factors were developed through extensive cbnsu1ta?ion
with the JAI staff. These factors are described in detail in Appendix C and a
sensitivity to the ranking by weighting is presented.

As a result of the assessments and comparative evaluations made
during the course of this study, it is concluded that the preferred method of
disposal of spent fuel is that of Alternative 3 - fuel bundle disassembly and
close packing of fuel pins. Although Alternative 4 is ranked second in the
overall rating, it is unattractive because of the increased complexity and
major uncertainties in the operational feasibility of several of the
processes involved. The overall advantage of Alternative 3 would be further
improved if the package-to-package spacing in the repository could be reduced
by increasing the allowable thermal loading.
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5.0 WASTE FORM PERFORMANCE IN REPQSITORY

An important consideration in the comparative assessment of the
different disposal alternatives islthe long term performance of the waste form
in the repository. Of concern in thﬁs conneclion are factors which affect the
degradation of the canister, the fuel cladding, or the fuel itself, and
factors which affect the rate of transport of radionuclides from the package
after breach of both the canister and the cladding. Thke waste forms cannot be
assessed a'one, but must be considered as waste forms/stabiiizer/canister
combinations. .

The evaluation of waste form performance was performed by HEDL (1).
Thirteen combinations of fuel form, stabilizer type, and fuel pin plenum
condition were examined. Stabilizer types considered were gas, particulate,
and solid, and the fuel forms corresponded to the Reference Process and thz
four Alternative Processes 1 through 4 previously identified. Table §-1
identifies the relationships among the fuel forms and the "assessment waste
forms".  In conducting the evaluations, a number of possible functional
requirements were assessed. These included:

1)  Stabilizer Support Against'Lithostatic Préssure

2)  Long-Term Stability for Radionuclide Retention

3) | Minimization of Cladding Degradation

4).  Prevention of Canister/Repository Breach Due to Pressurization

5) Stabilizer Heat Transfer

6) The Stabilizer as an Independent Barrier to Radionuclide
Migration

7)  Prevention of Criticality

. HEDL's overall ranking of the five wasf% forms in the various
configurations 1is presented in Table 5-2 for the temperature regime
considered most 1ikely to prevail in the repository. Conclusions of the HEDL
study were not available to JAI until after the process study (which was based
on the use of sand as a particulate stabidlizer) had been completed. Thus,
although the HEDL study resulted in recommendations of other than a
particulate-stabilized waste form as the preferred configuration for
disposal, the following conclusions are pertinent to consideration of the
sand-stabilized system which formed the basis of Zhe process evaluations:
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TABLE 5-1

RELATIONSHIP BETWEEN DOE WASTE FORMS AND THE
ASSESSMENT WASTE FORMS
(from Reference 1)
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"The stabilizer plays a minor role as an independent barrier unless
its corrosion reswstance is nearly the same or better than
Zircaloy. '

"As long as the cladding stays intact during the thermal period, all

waste forms perform equally well in limiting radionuclide

migration, If the cladding is compromised during the thermal

period, fuel-stabilizer-canister interactions may occur which
degrade the fuel significantly. Th1s interaction must be studied
if temperatures are set above 425°C since cladding integrity may be
compromised.

"Waste forms with particulate stabilizers may have trouble helping

the canister resist lithostatic pressure." (1)

Based on these and other conclusions presented. The authors note
that: |

"There is not enough available information to make a definitive
division between acceptable and non-acceptable waste forms.

"The best waste form/stabilizer combination is the intact assembly,
with or without end bells, vented or unvented, with solid
stabilizer. :

"A suitable alternative is the combination of bundled close-packed
rods with a solid stabilizer around the outside of the bundle.

"The other pousible waste forms are of lower ranking with the worst

waste form/stabilizer combination being the intact assembly with a

gas stabilizer or the chopped fuel." (1)

Although sand was selected as the particulate stabilizer in the JAI
process study, it is recognized that several candidate materials would have to
be evaluated prior to final selection, if a particulate stabilizer is to be
used. It is also recognized, as pointed out in Section 3.3.3.2, that a metal
alloy of 1ow—to-moderateAme1ting point could be substituted for sand without
materially affecting the evaluations presented. The following summary of the
waste form in-vepository performance study is based on Reference (1) but
attention is focused on that material relating to particulate stabilizers and
the performance of waste forms incorporating them. Table 5-3 summarizes the
waste form/stabilizer/canister combinations which have been studied in the.
process evaluation.
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‘ TABLE 5-3 N
WASTE FORM/STABILIZER/CANISTER COMBINATIONS

Waste Form Stabilizer Canister

Reference Process Intact Fuel Assemblies Sand Titanium Alloy
Aiternative 1 End-Fittings Removed Sand Titanium Alloy
Alternative 2 Vented Fuel Pins Sand Titanium Alloy
Alternative 3 Close Packed Pins Sand Titanium Alloy "
Alternative 4 ~ Sheared/Immobilized Fuel Giass and Stainless Steel

Sand and Titanium

Alloys

There are three questions which are addressed in the analyses
underlying the assessment presented in this section. These are:

1." can the waste form/stabilizer and canister "interact" to cause
premature waste package breach or waste form degradation, and
its corollary

2. can the stabilizer act to aid the canister in the resisting
influences which might result in premature degradation, and

3. what is the relative ability of each of the proposed waste
forms to resist radionuclide migration after water intrudes
into a breached waste package. '

5.1 STABI'.IZER FUNCTION

As has been noted in Section 3,. the primary functioh of a
stabilizer, when used in»tonjunction with intact or _partially disassembled
fuel bundles, is to support the canister against lithostatic pressure.v A
secondary mechanical function is to provide some measure of support to the
fuel pins against stresses sustained in handling the loaded canisters and in
any seismic events after emplacement. A third function, of significantly less
importance than the first two, is to modify the heat transfer environnent in
‘the canister. An additional benefit of having a stabilizer is the prevention
of redistribution of fissionable nuclides into a critical mass av a point in
time when the structural integrity of both the cladding and the fuel material
is gone,
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The stabilizer employed in Alternative 4 - a glass matrix to
encapsulate the sheared fuel - serves an additional special function; it
prrvides a-means of sequestering the fuel fines which are releascd from the
ci1adding when the ‘fuei pins are sheared. In terms of its ability to fulfill
requirements of the first function, either a solid stabilizer, such as is used
in Alternative 4, or the particulate stabilizer employed in the Reference
Process and the first three alternatives are acceptable; although it is
obvious that more support would be provided by a solid, rigid stabilizer which
completely filled ¢ 11 space in the canister not occupied by fuel and hardware.
The presence of voids in the particulate stabilizer, and the propensity of the
particulate to decrease in bulk volume when subjected to pressure, rai. some
questions as to the extent of support the particulate stabilizer would
provide. This aspect is considered in the evaluation presented herein. In
the absence of a detailed description of the force vectors acting in an
asymmetric Tithostatic pressure field (i.e., non-hydraulic), the analysis
presented herein assumes resultant forces acting equally but in opposite
directions along a diameter of the canister, and evaluates the extent to which
the canister/stabilizer would react to such forces.

5.2 TECHNICAL ASSESSMENT OF WASTE FORM/STABILIZER COMBINATIONS

There are two time periods of concern. The first is prior to
canister breach or a period of approximately 1,000 years* (during'the early
part of which fission products are the primary hazard concern) and,the secondv
is after canister breach. For the first 1;000 years, concern is with any
interactions which could possibly compromise the waste package integr%fy, and
any degradation of the fuel form which would eventually lead to an increased
radioactivi{y release after waste canister breach. After the canister is
compromised, the prime areas of concern are the prevention of radionuclide
transport and an assurance that a critical mass will not be formed.

*Note that the analyses presented herein “take yio credit for the protection

provided by the package liner either in“vespect to corrosive attack by -
formation fluids or in respect ‘to resistance to lithostatic pressure. They
assune breach of the canister 1,000 years after emplacement; they also assume
direct application of the lithostatic pressure forces to the canister.
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5.2.1 Assessment of Unbreached Package
2

5.2.1.1 Support for Canister Against Lithostatic Pressure

While in the repository,“ the canister will have to resist the
Tithostatic pressure in order to prevent rupture or even gross deformation of
the retrievable package. The canister wall thickness of 0.64 c¢m titanium was
chosen to provide corrosion allowance and handling stability " but it is
insufficient to resist defurmation under lithostatic pressure which may be as
high as 4,400 psi. - Two situations exist in respect to the Reference Process
and Alternatives 1-3; in all but Alternative 3, the particulate stabilizer
must resist this pressure unaided, while in Alternative 3, the possibility
exists that the compacted pins themselves would carry part of the load.

Two effects might occur when Tithostatic pressure is transmitted to
the compact particulate:
’ 1) Rearrangement- of -the particulate to a higher packing
density.

2) Fracturing of Lhe particulate followed by rearrangement to a
higher packing density. '

8]

Due to pin bow, the interpin spacing in a close packed waste form is
not uniform. One cannot custom size a particulate which would just fit into
the interpin gaps and act as a framework which holds the pins in place.
Therefore, the best particulate stabilizer would have to have a particulate
size distribution which minimized stabilizer compaction under lithostatic
pressure.

In practice for a Sing]e'particle size, 60% dense packing is the
max imum, achievable density without pressure compaction (2,3). Theoretica]]yﬁ
close packing should achieve 76% density. If one uses a binary particulate
distribution sequentially packed with a 10 to 1 coarse-to-fine particle size
ratio, 70% of the material being coarse, an' 84% packing density -can be
achieved (2,3). Initially, the coarse fraction fills 60% of the void volume

and the fine fraction fills 60% of the remaining 40% void or a 24% fi11 of the 2

fine fraction in the void volume.
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Due to the lack of complete close packing, particulates in the
stabilizer can move under lithostatic pressure until a close-packed density
js achieved. If the total void volume available to particulate was Vo’ then
this total volume would originally be filled with 60% coarse material and 24%
fine material. Upon compaction, the coarse material will fill 76% of the new
void volume V' and the fine particles will fill 76% of the remaining void for
a fill of 18% of the new void, V'. The packing density is then 94% of the
available void for a decrease of 10% in the void volume over the original
stabilizer/pin mixture.

If all of this volume reduction were due to compression of the
canister in one direction, an elliptical cylinder is formed. Since
lithostatic deformation occurs in the transverse cross-section of the
canister, the three dimensional problem can be reduced to two dimensions in
the cross-sectional plane of the canister. The initial area occupied by fuel
and stabilizer is: ¢

A

init = Pruel * Astab [1]

The final area occupied by fuel and stabilizer is:

Atinal = Pruer * TAstan | )

_where f is the reduced percentage of the stabilizer area due to compaction.

Afinal would be the area of the deformed elliptical canister ‘which has semi-
major and semi-minor axes a and b so that:

mab = (Ager * FAgtay) = Arinal Kl

The initially circular canister had a circumference

A

. A +
C = 27’-( fuel

stab)l/Z
'8

aQ

116




which must be conserved during the deformation process so that

a2 + b2 Mryer * Astap [4]
2 T

a and b are given by the two roots of the solution cf. the system of equations

[3] and [4] . 3 ,

-

+ A + 1 (A + A )2 - (A + A | )2] 172) 12
a.b =[§fue1 stab — fuel stab fuel stab”
’ m

since the deformation forces are perpendicular to the axis of the canister,
the area in the plane of deformation will only be reduced to 0.946% of its
original value or f = 0.946 (i.e., 0.92 raised to the 2/3 power). With this
value of f, the axes of the ellipse can be calculated from

&

1/2 4]
2
a.b = [Afuel * Astan £ v 0.108 AfuelAstqp__+ 0'{95 A stab]

’ ™

Results are shown in Table 5-4. The eccentricity (€ ) of the resulting
deformed canister is given by: ‘

€ - 1(%> 1/2

The values for eccentricity for the canisters of the Reference Process,
Alternatives 1, 2, and 3 are also shown in Table 5-4. These are the maximum
eccentricities which could occur from unfracturing compaction if the
lithostatic pressure is great enough to cause unidirectional deformation .of
the canister,
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TABLE 5-4
EFFECT OF TOTAL COMPACTION OF STABILIZER*

Reference
Process
v Alternatives 1 &2 Alternative 3
Canister I.D. (in.) 13.5 12.5 14
No. of Assemblies PWR ’ 1 3 3
BWR 2 8 8
Total Internal Canister Cross Section in.2 132 123 153.9
Total Pin Cross Section, in.2 PR 264 pins/assy 29 87 94.8 I
BKR 64 pins/assy** 23.5 93.8 101.6
Cross Sectional Area for Stabilizer, in.2: '
P¥R 114 36 59.1
BWR 119.5 29.2 52.3
Deformed E1lipse:
Major semiaxis a/minor semiaxis b
PWR 7.66/5.68 6.79/5.68 7.67/6.25
BKR  7.68/5.66  6.74/5.74  7.64/6.30
Eccentricity: PHR 0.67 0.55 0.58
0.57

BWR 0.68 0.52

* Adapted from Table Bl in Reference (1). Several changes to the original
entries have been made in order to conform the parameters to those for the
reference PWR and BWR fuel assemblies and the corresponding canisters, and
to correct several errors in the original.

** Includes two water rods
+ Includes the cross sectional area of the inner guide cage.

The two columns under Alternative 3 in Table 5-4 represent two
different size canisters. The first canister (12.5 in. ID) assumes the pins
are banded together and inserted with no internal guide cage. The second
canister (14 in. 1D) assumes an .inner steel cage of the type shown in
Figure 4-6 which requires a larger diameter canister for the same capacity of
spent fuel pins. -
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In addition, fracturing of the particulate could occur which would
«change both the particulate size and shape distribution and hence the packing
density. The propensity for this to happen és dependent on the compacting
pressure and the compressive strength of the particulate material. Typical
compressive strengths for particulates under consideration are given in
Table 5-5. If the compressive strength of the particulate is below the
lithostatic pressure, which could be the case for graphite and granite for
instance, then c¢rushing of the particulate would occur. Even if the
compressive strength is above the lithostatic pressures, there could be
considerable fracturing of the particulate. This has been demonstrated for
quartz where compacting pressures of 2.2 x 103 psi (1/3 of the compressive
strength) resulted in a significant change in the particulate size
distribution (4).

Unfortunately, the relative ratio of compaction to fracturing in
any given situation is unknown. Compaction studies, although conducted as low
as 7000 psi, are usually conducted on loosely packed powder, i.e., 70% void
fraction (5). On the other hand, fracture studies are usually done at
22,000 psi which is much higher than lithosiatic pressures (3,5).

An accurate assessment of a particulate as a stabilizer which
resists lithostatic pressure on the canister is. difficult to make. First,
while there is the possibility of compaction, it s not known if the
lithostatic pressure is high enough to cause this compaction. Curves of final
density versus density of the particulate at lithostatic pressures are
necessary to answer this QUestion. Second, while uniform compaction has been
assumed in this analysis, a density gradient is established in pressed
powders (4). Third, it is not known whether the canister can withstand the
eccentricity at maximum compression. = Furthermore, recognizing that no
criteria for permissible eccentricity have been established, ratings based on
the usefulness of resistence to lithostatic pressure can only be judged if the
critical eccentricity of the canister is established (1).
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TABLE 5-5
COMPRESSIVE STRENGTHS OF PARTICULATES

Material Strength (psi)
Alumina 1.4 - 4 x 105(6)
Basalt 2.8 -5« 104(6)
Silica (amorphous/quartz) 6.4 x 104 o 240C(3)
Granite 2.9 x 1036) 1.9 x 10% e 240¢ (46aF)'3)
Graphite 1.8 x 103(6)
W, (irradiated) 1.2 x 10%07)

5.2.1.2 Long-Term Stability for Radionuclide Retention

The ability of the waste form to resist leaching after the waste
package breaches will be dependent on the characteristics of the spent fuel
pellet. These characteristics include surface area, grain boundary
conditions, location of fission products in fuel structure, phases and
surface structure. During the thermal period, prior to intrusion of water
into the waste package, these characteristics may change with time. In order
to reduce the leaching propensity, it would be desirable to choose a waste
form and specify an upper repository temperature so that the fuel pellet does
not deteriorate from its initial condition during the thermal period.

Five mechanisms have been identified which might alter the fuel
pellet condition:

Chemical changes.
Volatile fission product migration.

Gas diffusion to grain boundaries.

:b w ~nN —

Radiation damage due to decay of fission products
with change in crystalline structure.

5. Fragmentation due to thermal and mechanical effects.

120



Rl R R s S T P )

These mechanisms are analyzed in detail in Appendix D for an isolated intact
pin. Based on these analyses, it can be concluded that there is no reason to
expect significant changes in fuel pellet structure under the repository
conditions expected to prevail. There are some changes in the chemical
microstructure of the fuel, but these are unlikely to result in enhanced
availability of radionuclides for transport.

5.2.1.3  Preservation of Cladding as a Barrier

Physical support of the cladding ava1]ab1e from a particulet
stabilizer is difficult to assess. Under repository conditions, it would not
be expected that cladding creep due to the internal pin pressure would be
cufficient to cause compaction of a particulate stabilizer; conversely. il is
clear that the stabilizer would not provide support to the cladding. It must
still be determined if in fact support for. the cladding is nccessary. This
will be relevant only if the pin remains pressurized during disposal.
Blackburn (8) identified stress-rupture and stress-corrosion cracking (SCC)
as the two most likely stress-related cladding degradation mechanisms. A
conservative estimate of 377C (711F) as the maximum clad temperature in the
repository, based on stress rupture, was established (8). Whole pin anneals
have demonstrated that this temperature limit for stress-rupture is probably
conservative by at least 50C (90F) (9) (see Figure5-1). This new temperature
limit (425C or 797F) may still be conservatively -low and could possibly be
increased based on further analysis of presently available data. -

The Stress Corrosion Cracking Initiation and Growth (SCCIG) Mode]
(10) developed for the Electric Power Research Institute (EPRI) was used by

"Miller to evaluate the propens1ty of fuel pins for stress corrosion cracking

(SCC). The model was used to estimate the maximum radial crack that could be
present in an ‘unfailed spent fuel pin af ter normal LWR exposure and to develop
a 1,000-year fuel pin fail/no-fail boundary based on crack size, temperature,
jodine concentration and internal pin stress.

Q
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As long as the probability of in-reactor failure is less than
1 percent, (the case for the vast majority of LWR fuel pins) then 99 percent
of the-remaining unfailed pins will enter the repository with incipient SCC
cracks, if present, of less than 20 percent of the wall thickness. When the
model is applied for repository/storage conditions, the 1,000-year fail/no-
fail lines in Figure 5-2 are obtained. With realistic iodine concentrat1ons
representative of the majority of the pins (5 x 10"5 - 5 x 10 kg/m )y
and a 20 percent radial wall crack, Zircaloy cladding temperatures up to at
least 600C (1112F) can be tolerated without SCC causing cladding breach.

Below 425C (797F), the cladding should survive the 1,000-year
thermal period without failure. Should the temperature be increased above
425C (797F), the lifetime would be shorter in the absen.e of physical support
of the cladding.

5.2.1.4  Stabilizer Heat Transfer

The maximum cladding temperature for in-grid and close-packed pins
in a salt medium with a particulate stabilizer lias been estimated to be 215C
(419F) and 294C (561F),*¥espect1ve]y These values are less than the lower
limit of the range dn which cladding survival is considered questionahle.
Section 3.3.6 discusses the temperature differentials of the various waste
forms.

L Assessment of Breached Waste Package

 Once the package is breached, the aiternatives essentially reduce
to only two; one is the fuel pins (whether in- grid or close-packed in the sand
stab111zer) and the other is the sheared fuel pins immobilized 'in g]ass
These two alternatives are compared on the basis of radionuclide release rate
and potential for criticality in this section.

5.2.2.1 Radionuclide Release Rates

The lohg term leach rate of radionuclides from the spent fuel
material was assumed to be.controlled by the dissolution rate of UO2 and taken
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to be 10"5 g/cmzday (11,12) (a volumetric release rate of approximately
10"11/cm3/cm25). This is based on the exposed geometric surface area of
cracked irradiated fuel in cladding. The source formulation for the
fission products in the gap assumed zero internal resistance to transport;
“i.e., there is no resistance to transport of nuclides from the Surface/of the
pellet. The fraction of solid fission products residing in the gap would be
highly variable; however, for purposes of this analysis, 10 percent of the
solid fission products were assumed to be in the gap.

~ Zircaloy-2 cladding corrosion in brine at 250C (452F) has L.
measured at approximately 1073
temperature in a salt repository. This temperature is much higher than is
expected when the canister has breached, however. Data for corrosion of
Zircaloy-2 in water. as a function of temperature (14) indicate that the

mm/yr (13) based on a maximun cred’ le

corrosion rate would probabf& be two to three orders of magnitude less for
temperatures expected at the time of cladding attack. Therefore, the clad¢ing
corrosion rate in the model was assumed to be 10'4 mm/ yr .

The internal pressure in unvented PWR fuel pins is assumed to be
approximately 600 psi (8) and would be expected to cause cladding failure
before the tube wall is completely corroded. Although a wall thickness of
about 7 percent of the initial value would be sufficient to contain the
pressure, based on an ultimate strength of 70 ksi (8), it is assumed here that
the wall fails at 20 percent of its original thickness to allow for nonuniform
corrosion and possible cladding flaws. Unvented BWR pin, are assumed to fail
at 10 percent of original cladding wall thickness due to the lower
pressure (8). The geometric-area available for transport through the failed
cladding for the Reference Process, Alternatives 1 and 3 is based on the
assumption that the initial breach size is approximately 0.1 mm in diameter.

A reasonable value for radionuclide transport speed was assumed to
be 4 x 1076 cm/s based on thermally driven ground water motion through typical
repository basalt in the volume immediately surrounding the canister (15). 1In
all cases examined for purposes of this assessment, the following assumptions
were made: ' P
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- radionuclides are transported at ther same rate as the .
groundwater

+= transport rates and radionuclide releases are taken to be
those at the inside of the canister boundary

- no credit is taken for retardation of radionuclide
transport by the remains of the corroded barriers

- no credit is teken for retardation of radionuclide
transport by the particulate stabilizer

- radioactivity levels of the fuel are taken to be those
at 1,000 years from emplacement, the time of assumed
package {canister) breach; no credit is taken for
radioactive decay beyond this point

- no credit is taken for the delay .in canister breach
afforded by the Inconel liner provided in the overall waste
package.
The barrier resistance of the cladding was assumed to decrease 1ihear1y from
the initial value at time of cladding breach to the minimum value

corresponding to the above transport speed at the time when the cladding is

~ completely consumed by uniform corrosion. Vented and resealed fue] pin

cladding is assumed to fail when uniform corrosion comp]éte1y penetrates the
cladding wall thickness. The cladding transport resistance characteristics
are given in Table 5-6. Since the water must penetrate and exit the cladding,
the barriey areas for transport are one half the circumferential area of the
cladding tubes. The cladding transport resistance is assumed to vary linearly

between time t1 and time t2 for the unvented pin alternatives, to being the

time of initial canister breach.

The resu1ti%g_individua1 source responses for the PWR pins are
given as an example in Table 5-7. The total fractional release rates as
functions of time are plotted in Figure 5-3 for both the PWR and the BWR pins
with unvented (pressurized) pins. The peak at time of initia) cladding breach
is due to the rapid release of the highly mobile fission products in the gap
which are quickly depleted.” The following build-up and. peak at time to
corresponds, to the matrix fuel leaching and dissolution as the cladding
completely fails. The exponentially decaying tail after time t2 indicatesh
depletion of the fission products in the fuel matrix. It should be carefully
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- TABLE 5-6
CLADDING TRANSPORT RESISTANCE CHARACTIRISTICS
(From Reference 1)

Item | PUR BIR
Transport speed 4 x 107° cm/s 4 x 1070 cn/ s
Transport area - 546 cm? 725 cn?
. e 11 | 11
Time to initial 1.44 x 10""s 2.30 x 10
breach of cladding ‘ (4560 yr) (7290 yl)
; Initial geometric 108 ‘ 10°
> parameter (x)"at
r t:to*
; : L | 11 1,
: Time to cladding 1.80 x 10 . 2.56 10
5 destruction (t,) (5700 ”“) ’ (8110 yx)
o 8., 3 .8, 3
. Transport wes1stance 4.58 x 10%s/cm 3.45 x 107s/cm
; » at t=t '
. : (1n1t1$] treach)
:
: . . 2., 3 2,3
Transport res1stance \ 4.58 x 10°s/cm 3.45 x 10%s/cm

at t=t, (cladding -
comp]eée]y gone) : :

* Reciprocal of the fraction of the ‘area of c]adding in initial breach

w
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TABLE 5-7 ;
EXAMPLE OF INDIVIDUAL SOURCE CONTRIBUTIONS (PWR, PRESSURIZED Plﬂ§l.“
' (from Reference 1)

X
Fuel Matrix Source | ) ___Gap Socurce - ' Total

Fractional Integrated "~ Fractional Integrated Fractional Integrated
Time (10lls) Release Rate (1/s) Release  Release Rate (1/s) Release Release Rate {1/s) Release

140 - a6 (<12) o S 2w (1) o Coae (1) o
1.50 - s%.01 (-12) ° 5.17 (-2) ;5.42 (-12) - 8.40 (-2) 1.44 (-11) 1.36 (-1)
1.50 LO§ (1) L0 (<) . LA (-3) 100 (<) 1.0 (-11)  2.50 (-1)
1.70 L3 (1) 272 () 281 -18) 100 (1) 10 (-11) . 3.72 (1)
1:80 2.23 \ (-11) 4.44 (-1) ~ 5.56 (-65} 1.00 :(-1) 2.23 (-11) 5.4 (-1)
190 - 1.37 A «{-11) 7 6.20 {(-1) 0 1.00 (-1) 1.37 (-1i) 7.20 (-1)
2.00 837 (-12y  7.28 (-1) 0 1.00 (-1)  8.37  (-11)  8.28 (-1)
.00 6.31  (-14) s.08. (-1) 0 < 100 (-1)  6.31  (-14)  9.98 (-1)
4.00 476 (-15) 8.9 (-1) 0 1.00 (-1)°  4.76  (-16) ° 9.92 (-1)
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Fractional Relear:® Rate (1/scc.)

Time After Canister Breach (103 yrs.)
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. -3
{-t]adding Gone - 10
]0-11 |
¢
-0
\ I
]0']2 -
0"\
13 ! f
10 2 3
Time After Canister Breach (1017 sec.)
FIGURE 5-3
INDIVIDUAL

PIN FRACTIONAL RELEASE RATES FOR UNVENTED‘\?(\:PRE.S.SURIZED) PINS

(From Reference 1)
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noted that the release rates are not corrected for radioactive decay since
this would require more specific information than is contained in the general
model.

In the case of vented and resealed fuel pins, the cladding is
assumed to have an infinite transport resistance up to time t2 when the
cladding is completely corroded. The cladding barrier characteristics after
time t2 are given in Table 5-6. The resulting release rates are shown in
Figure 5-4. Notice that very high peak release rates occur as the gap
material is released over a relatively short time span.

For purposes of the release analysis, a standard PWR and BWR
individual fuel pin was characterized in terms of its fuel and fuel/clad
configuration. The source concentrations were normalized to be fractions of
the total solid fission product inventory in the pin. The release rates are,
therefore, fractional release rates of the total inventory. Since all pins in
the canister are assumed to be equivalent, the fractional release rates just
derived can be applied to the contents of the cc.ister as a whole, and are
independent of the number of fuel pins in the package.

In the case of sheared fuel in a glass stabilizer, it was assumed

that the homogenized fuel and stabilizer corrode at the same rate as uo,,
i.e., 1 x 10'11 cm3/cm2-sec. Furthermore, it is assumed that shearing the
fuel reduces 25 ﬁercent of the UO2 to a granulated material which reacts with
and becomes uniformly distributed in the glass. Two subcases will be
considered here: Case 1 assumes that the radionuclides in the fuel-cladding
gap remain in the gap during the stabilizer fill and cooling process and Case
2 assumes that the fuel-cladding gap material exits the gap and mixes

~uniformly with the stabilizer materfal during fabrication.

~ The resulting source concentrations (normalized to total canister
inventory) are given in Table 5-8. These concentrations are based on the
currently proposed canister dinensions for the sheared fuel alternative. The

‘resulting release rates are shown in Figure 5-5. It should be noted that the

low release rates indicated depend on the optimistic assumption that the glass
stabilizer is completely intact (i.e., uncracked). '

To determine the possible effect of an extensively cracked
stabilizer glass, Case 1 was recalculated assuming the stabilizer was
permeable with 1 percent of its cross-section available for transport and that
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INDIVIDUAL PIN FRACTIONAL RELEASE RATES FOR VENTED AND RESEALED PINS

(From Reference 1)
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TABLE 5-8
SOURCE CONCENTRATIONS FOR THE SHEARED FUEL CASE
{From Reference 1)

Item Case 1 Case 2

Fraction of inventory : 0.25 0.325
in stabilizer

Concentration in_, 4.36 x 1077 5.67x1077
stabilizer, cm

Fraction of inventory 0.75 0.675
in fuel chunks

Homogenized concentragion 1.44 x 1076 1.30x10~
in fuel chunks, cm

Total concentfatigg 1.88 x 1070 , 1.87x1078

inside cage, cm

Note to Table 5-8: The calculations presented here are based on canister
inside radius of 21.6 cm and a fill height of 391 cm. These values differ
from those presented in Figure 4-8 for the Alternative 4 package. The -
conclusions drawn from Figures 5-5 and 5-6 are not significantly altered if
these differences are taken into account.
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Fractional Release Rate (1/sec.)

Time After Canister Breach (103 yrs.)
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FIGURE 5-5
RELEASE RATES FOR SHEARED FUEL IN UNCKACKED STABILIZER

(From Reference 1)
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all of the sheared fuel pin pieces are exposed at the time of canister
breach.* The resulting release rate is shown in Figure 5-6. The initial
spike at time t=0 is due to the sudden release of the material in the fuel
cladding gap. If all the material from the gap were dissolved in the matrix
(Subcase (b)), the response would be very similar except the initial spike
would be absent.

Initial release rate spikes associated with the sudden release of
gap fission products were observed in the Alternative 2 waste form and in the
shearedlgfuel alternative with cracked stabilizer. These very high
instantaneous release rates shown in Figures 5-4 and 5-6 are artifacts of the
model assumptions and would probably be reduced by several orders of magnitude
by probabilistic and internal transport delay mechanisms not included in this
modei. For example, the release rates indicated in Figure 5-3 imply that all
the gap material is released within a few hours of cladding breakdown. In
reality, all tie fuel pins would not fail at one time and the cladding on any
given pin would not corrode uniformly. This could easily extend the release
period for the gap material over several years thereby reducing the peak
release rate by about 4 orders of magnitude. In addition, the radionuclide
retention in the stabilizer remains due to adsorption has not been included.
This would, again, possibly reduce the apparent release rate from the waste
form. The preéence of these release rate spikes should not, therefore, be

used as a basis of rating the general release rates of the various waste

forms.

It is apparent that the release rates for the waste forms considered
are comparable, with none having any obvious superiority. The only important
difference is the delay time between canister breach and onset of release. It
should be noted that:

*This implicitly assumes that the mass of sheared fuel pieces has not been
penetrated by the matrix - an unlikely situation. It would be appropriate to
assume that some fraction of the sheared fuel in excess of that exposed
directly to the cracks A the stabilizer is available for transport, due to
the existence of interconnected voids resulting from incomplete penetration
of the stabilizer. Thus, Figure 5-6 will overestimate the release in
comparison to the other cases examined. It should also be noted that neither
Case 1 nor Case 2 take any credit for the sealed stainless steel inner
canister as a transpe:t barrier,
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1. The 4,000 to 8,000 year time delay before onset of release from
intact fuel pins is due mainly to the presence of the intact
c¢ladding. _

2. The sheared fuel in a cracked stabilizer produces zero time
delay due to the absence of an intact cladding barrier*,

Since the fission product activity at times after the thermal period (~1,000
years) is due to long-lived isotopes, the time delays produced by the intact
cladding do not produce a large reduction in activity released as shown in
Figure 5-7 (16). If the canister were to breach prematurely during the time
when short-lived radionuclides dominate, however, a built-in time delay of a
few thousand years' to onset of release would become a critical safety
factor. The presence of the liner in the emplacement package would provide
such a safety factor, as it would extend the time at‘@hich formation fluids
first come in contact with the canister by 500-1,000 years.

The release characteristics of the various waste forms, once the
cladding is breached, is dominated by the internal resistance of the fuel
matrix source, i.e., the 1leaching characteristics of the fuel. Any
degradation of the fuel prior to canister breach could drastically affect the
absolute leaching characteristics and, hence, the overall performance of the
waste form. It is important, therefore, to maintain cladding integrity prior
to canister breach since -breach of the cladding (e.g.; shearing the fuel)
would lead to large wicertainties in the state of the fuel after the waste

package breaches.

5.2.2.2 Criticality

Until the burnup of LW  fuel exceeds approximately

20,000 MWD/MTU (17-20), there is enough fissile material in a single assembly
to go critical if the correct ratio of fuel to moderation is allowed to occur.
Inasmuch as (1) some assemblies received may have burnups less than this
value, and (2) multiple packaging of fuel assemblies in a canister is

Ej.e.s the Reference Process) "may add 1000 to 2000 years to the delay time"
p 70).
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FIGURE 5-7
RADIOACTIVE DECAY OF PWR SPENT FUEL

(From Reference 16)
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contemplated (up to 3 PWR or 8 BWR assemblies/canister), steps should be taken
to prevent criticality from occurring in the repository. If criticality
occurred, the heat load of the repository is increased at least an order of
magnitudé (at shut down, decay heat produces 7 percent of a reactor thermal
load) and the radiation field is also significantly larger. In addition to
considering the generation of gas due to radiolysis and radiation damage to
the package components, it 1is necessary to reassess the integrity of the
package and repository at the higher temperature. Furthermore, arguments
relating long term safety of the repository to eventual ‘decay of the spent
fuel to the activity levels of natural uranium are no longer valid since new
short-1lived isotopes will be generated.

The Pacific Northwest Laboratory (PNL) has studied the question -

and concluded that for certain configuration of fuel (17-20), there is a
pos.ibility of criticaiity occurring, These results were questioned since
they represented highly improbable and ideal situations. An independent
assessment of the PNL criticality calculations (17-20) was made under. more
plausible scenarios to evaluate the criticality possibility, with the result
that it is concluded that there is a very small, but real, possibility of
criticality in the canistered fuel. ‘

The calculations were made with the KENO-IV Monte Carlo code (20)
and compared to the PNL results to provide verification of the present cal-
culations. A1though small differences are seen, the PNL studies are
expected to be more accurate since their detailed pin cell calculations pro-
vide better effective cross sections; general trends should remain
unchanged.

Based on both the Battelle calculations and those conducted at
HEDL, a number of simplifications can be made to an otherwise complex
multivariable problem. First, for a reasonably 1long cylinder

(lgﬂﬂgﬁ—— > 10), the length of the cylinder is relatively unimportant S0

diameter
that geometry effects can be discussed in the context of only the cylinder

diameter. For the same reason, the absolute amount of fissile material is

unimportant, only its homogenized density. Secondly, hydrogen moderation is
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very important so that the hydrogen to uranium ratio is a key variable. These
considerations lead to the representation of critica]ity parameters shown in
Figure 5-8. Figure 5-8 displays keff as a function of the ratio, volume of
water to volume of U02: ‘

R=V, .,V
H,0 uo,

Separate curves for VH o* VUO = constant are shown for different cylinder
radii (10", 13", 16"). 2The basg case results in Figure 5-8 were computed for
the following conditions: UO2 and Hzo are assumed to completely fill the
cylinder and are homogenized over the entire cylinder, the outside of the
canister cylinder is water reflected, and the fuel is fresh (no burnup) at 3.5
percent enrichment.

Battelle studies (17-19) dindicate that a water to uranium-oxide
volume ratio of about R = 3.3 is optimally moderated for these conditions.
The HEDL work is in agreement with this conclusion. Battelle's absolute

‘values of keff are slightly higher than HEDL results but the densities are

also slightly higher for the same postulated conditions.

From Figure 5-8, it 1is clear that criticality is a definite
nossibility in the Reference Process'at a diameter, d, of 13 inches, 1if only
fuel and water and some cladding are in the canister. For a single spent fuel
assembly the H20 to UO2 ratio is close To R = 5 for dispersed fuel. Clearly a
settling of fuel as the fuel pins disintegrate could drive this ratio towards
the optimum value near R = 3.3. Moreover, if the canister disintegrated and,
along with a shifting of the surrounding medium, allowed the effective
homogenized radius to increase, then the system would become more reactive.

Since there is much more than a critical mass available, the surest
way to avoid criticality is to limit the amount of moderation due to water

“intrusion. One way is to simply store more fuel in the canister which leaves

less room for water. But this approach of course increases the amount of

-fissile material so that if gross distortions of the geometry at very long

disposal times are considefed, it  becomes more difficult to rule out
criticality scenarios. A‘more obvious approach is to ensure the displacement
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of significant amounts of water by an appropkiate non-fissile filler. This is
apparent in the "SAND" curve in Figure 5-8 where sand and water were assumed
to occupy equal volumes. The value R retains its meaning as the ratio
VH 0/VUO . For a fixed volume, the sand replaces both water and U for a fixed
ratio R, thus significantly lowering the reactivity.

5.3 CONCLUSIONS

Analyses presented in this section indicate that the reference fuel
(waste) form should survive the projected 1,000 year 1ife of the package
(canister) barrier w1+hout any degradat1on which would be likelv to result in
an enhanced release of rad1oa”t1ve material at the time of package breach.
Calculations show th/t once/é _normal package (1 e., containing intact fuel
pins) is breached, delays of the order cf 4 to 8 thousand years occur before
there is a release of radioactivity. i the sheared fuel alternative, no
delay in release is apparent if it is asswned that the glass stab1]1zer is

“cracked- and if no credit is taken for the double conta1nment An - the

Alternative 4 Process; an. uncracked stab111zer is estimated to prov1de more
than three thousand years delay.

 There is no essential difference in the performance of the various
intact fuel pin waste forms with sand stabilizer, although the use of close-
packed pins reduces the fraction of volume occupied by stabilizer and thus may
reduce the amount of deformat%on of the canister under lithostatic pressure;
Alternative 4, with its solid stabilizer, shows minimum deformation. Lack of
a specific criterion for acceptable canister deformation in this circumstance
precludes a determination of whether the sand is acceptable or unacceptable in
respect to this attribute. Table 5-9 presents the relative rankings of the
Reference .and Alternative Waste Farms in respect to this and other attr1butes
related to long-term waste form performance
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TABLE 5-9
WASTE FORM RANKING AT < 425C C! AD TEMPERATURE
(Extracted from Table 30 of Reference 1)

Reference

Process and  Alternative Alternative Alternative
Functicnal Criteria Alternative 1 2 3 4
Support Against 2 2 2 1
Lithostatic Pressure
Breach of Canistei 1 1 : 2 2
Due to Pressurization ~
Stability,of Heat 2 2 4(b) 3
Transfer
Minimizing Cladding .1 1 1 4
Degradation ‘ :

" :

Long Torm=Stability 1 1 a1 2 Q
for Radionuclide : o Y
Retention _ §
Independent Barrier 1 1 -1 2 E
to Migration §
Criticality | 1 1 1 1
[(1 (best) - 4 (worst)] e g

(a) Reference to "Stability of Heat Transfer" should probably read
"Stabilizer Heat Transfer" ‘

(b) It appears that these rankings were derived from the A T's reported in
Section 3.3.6. As was pointed out in Section 3.3.6, using the thermal
conductivity of sand and giving no credit to the compacted fuel rods ,
which occupy approximately 70 percent of the cross section of the ;
canister results in a higher calculated temperature differential, and
thus a lower ranking on this attribute than is justified. ’
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6.0 JVERALL SUMMARY AND RECOMMENDATION

Three essentially parallel studies were conducted to arrive at a
conclusion regarding a preferred waste form/package combination for the
disposal of spent nuclear fuel. One study was concerned with the elements
of the disposal package and their interaction with the waste forms, one con-
sidered the impacts of alternative waste forms on the overall packaging/
disposai system, and the third addressed the long-term performance in the
repository of the waste form/canister combination.  Based on the first
study, a package configuration was selected and the same configuration was
used in all of the comparative processes; similarly, a Reference Process was
designated, based on the packaging and disposal of unmodified spent BWR and
PWR fuel assemblies as described in a Bechtel Group report titled National
Haste Terminal Storage (NWTS) Conceptual Reference Repository Description
(CRRD). The alternative waste form processes were compared to the Reference
Process arid ranked in order of their overall attractivenéss. Fina]]y,vthe
results of the waste form performance evaluation were combined with the
process evaluations to arrive at a recommendation for a preferred waste
form.

6.1 SELECTION -OF PACKAGE

The waste package was defined as all elements of the fuel
confinement system which are placed in the cavity bored in the repository host’
rock.

Elements of the standard, or reference package were:
- a canister of 0.64 cm titanium alloy (TiCode-12 )
- a stabiliZer inside the canister

- a borehole liner of 2.54 cm Inconel, with seal welded
~ cover

= sand filler in the annulus between the canister and
the liner :
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- a shield plug between the canister and the liner cover
- bentonite backfill around the ]iner,_BO.S cm thick.

Only dimensional differences distinguished the packages in the various
alternatives, and no incompatibilities between the waste forms and the
package were identified in the study of the package/waste configurations. In
order to provide a practical basis for process comparison, sand was selected
as the stabilizer, recognizing that a particulate stabilizer is not optimum
for the function of resisting lithostatic pressure. A low melting metallic

-alloy could be substituted for the sand stabilizer without significantly
affecting the process eva]uations.

The Reference Process and the alternatives assumed that the spent
fuel for processing is the standard Westinghouse 17x17 assembly (PWR) and the
General Electric 8x8 BIR-6 assembly (BWR). Variations on these basic fuel
assemb]wes can be handled without mater1a11y affecting the processes.

6.2 SYSTEM EVALUATION

A common basis of comparison of the fourogﬂternative processes
against the Reference Process was developed by first identifying for each the
~ process steps necessary to reach the objective of placing the fuel in a
repository in the prescribed package configuration. Foliowing identification
of the process steps required, a process method which could reasonably be
expected to be feasible under conditions of remote operation was devised; a
conceptual process equipment layout was then made to estimate the added
facilities required over those necessary for the Reference Process. Material
and -equipment requirements for cach alternative were identified, and the
impacts of the differences among the four alternative processes and the
Reference Process on the packaging facility ,and the repository were
identified. | ‘ |

With this common basis established for the processes, a systematic
comparison of the relative merits of the different alternatives was conducted
in the manner discussed in the following paragraphs of this section.

s}
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6.2.1 Method of Comparison

The pertinent concerns in respect -to the five processes were
' divided into four areas: tecnuical, operational, safety/risk, and economic.
Assessments were made of each of the processes in each of these four areas and
these assessments formed the basis for the quantitative comparisons.

The technical assessment considered the number and nature of
additional operations required over those in the Reference Process and the
‘nature of the equipment and operational procedures required to accomplish the
desired objective. The state of development of the technology and the
equipment, and the level of experience which has been acquired in the same or
similar operations was evaluated. Other factors considered in the technical
assessment included the waste form effectiveness, and the safeguards
effectiveness of the process.

The operations assessment considered: the- complexity of the
process, as reflected by the number of operational steps required; the nature
of the equipment, its reliability and maintenance requirements; the nature of
~and processing required for secondary wastes generated in the process; and the
material handling in the packaging facility and repository. Radioactive
material control prob]ems inherent in the process were 1deﬂt1f1ed and their
operational 1mpact assessed.

The safety/risk _assessment considered the probable sources of
exposure both to plant workers and to the public which were considered to be
inherent in the process, and an assessment was made of the accident potential
including the probability and consequences of criticalitys fire, explosion,
~or effects of natural phenomena events (earthquake, tornado) Occupational
safety aspects were consxdered, and the alternatives were cvmpared in respect
to the probable effects of an 1ntrus1on into the repository by a drilling crew
one hundred years after closure of the reoosxtory

The economic comparison of the var,ious alternat1ves addtessed the
capital costs of the recpective facilities required, the operaf1ng costs, and
the packdg|ng costs. These were expressed finally as the total unit cost over
the 1ifes of the facility in dollars per kilogram of ur1n1um emplaced in the
repository,
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6.2.2 Results

In comparison to the Reference “Process, all the alternatives
require additional operational steps, and employ processes which are less
well demonstrated than the Reference Process, A1l of the processes require
additional packaging facilities and equipment, which increase operational and
maintenance problems in the packaging facility. Alternative 4 is clearly the’
most complex of the alternatives, and involves the greatest uncertainties in
the feasibility of the required operations. In terms of material handling and
the level of effort required in the repository, Alternatives 3 and 4 are
outstanding -- nearly sixty-five percent fewer emplacements are requiizd for
these alternatives. Some of this advantage in the case of Alternative 4 is
offset by the substantial additional in-process material handling required.
A significant increase in the advantage of these two alternatives would result
if the thermal loading of the repository could be increased, permitting a
closer spacing betWeen the larger packages than is required by the 60 kW/acre .
loading assumed in this study; a decrease in the spacing for the larger
packages would substantially decrease the amount of mining required to
establish the storage corridors.

In terms of safety/risk considerations, all alternatives are less
advantageous than the Reference Process, although the, differences become
significant only in connection with A]ternat1ve 4, where there is a
“ substantial increase in the risk of facility contamination from the shearing
‘operat1on, and where a difficult off-gas treatment is required. Potential
hazards from criticality, fire, explosion or natural phenomena events do not
appear to be significantly different for any of the alternatives, although the
sheared fuel of Alternative 4 would increase whatever potential r1sk there is
from any of these disruptive events.

The economic comparison was affected by three principal factors:
operational complexity, facility requirements, and the costs of packaging
materials. Of thesé, the material costs dominated the comparison; high
material costs for the Reference Process “and Alternatives 1" and 2 were a
result of the much larger number of packages required in comparison with
Alternatives 3 and 4, and established these 1atter alternatives as clear]y the
most advantageous econom1ca11y '
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Although the factors considered in the technical and operational
assessments described earlier have a profound impact on the economics of the
respective processes, an effort was made to separate the technical and
operational assessments from any influence by the economic consequences of
technical and operational factors. The economic evaluation was likewise made
independent of considerations relaied to the technical uncertainties or to
the magnitude of probable operational and maintenance problems likely to be
encountered with the more complex processes. It might also be noted that the
economic analysis did not consider the probable costs of development programs
which would be required to demonstrate the respective alternative processes
at a level which would provide reasonable assurance of success in their
application in a production facility. The principal impact of taking this
factor into account would be to reduce somewhat the economic advantage of
Alternative 4 over the Reference Process and Alternatives 1 and 2.

6.3 WASTE FORM PERFORMANCE IN REPOSITORY

The assessment of waste form performance considered two time
periods: the period from emplacement to breach of the canister, which is
assumed in these analyses to be approximately 1000 years, and the period of
time following canister breach.

6.3.1 Method of Evaluation

‘Thirteen combinations of spent fuel configurations dnd stabilizers
were evaluated in respect to stabilizer functions and to any factor or
combination of factors which might influence the integrity of the
canister/waste form/stabilizer combinations (and hence the time to canister
breach), or might alter the transport of,radioactiveymateria1 from the package
after the canister barrier has been breached}“ Of these, only five
combinations are pertinent to this study--the Re}erence Process Waste form
and those of Alternatives 1-4,-all with particu]afe.stabi]izer.

The ability of the particulate étabi]izef\to resist effectc of.

- lithostatic (i.e., non-hydraulic) pressure forces on the canister, and the
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probable extent of distortion of the cylindrical canister under such forces
were examined. Stability of the fuel form and probable effects of possible
fuel/pellet degradation mechanisms on radioactivity release rates were
examined, as also was the expected longevity of the cladding as a barrier in
the alternatives involving canistering of intact fuel pins. '

After breach of the canister, the evaluation was primarily
concerned with the probable rates of release of radioactive material from the
fuel as a function of time after canister breach, and thé factors which affect
these rates. The potential for assembling a critical mass in the repository
after loss of cladding and fuel structural integrity was also examined.

6.3.2 Results

In general, all intact pin forms were found to be about equivalent
in long term performance, with the vented pin having a slight advantage in
delaying .onset of release of radioattivity in the distant future. No
degradation mechanisms were found which would impair the
fuel/canister/stabilizer integrity during the first 1000 years, and no
significant differences were observed in release rates after breach of the
~ barriers. The only important difference found was the time delay between
canister breach and onset of release, which ranged from 4000 to 8000 years for
the alternatives involving packaging of intact rods, and zero delay for the
sheared fuel with a"cracked (glass) stabilizer, when it is assumed that the
inner canister of Alternative 4 loses its integrity at the same time as the
titanium alloy canister does.

Criticality in fuel material, due to rearrangement of fuel geometry
following loss of integrity of the clad and fuel structure, was found to be a
credible possibi1jtyu Although no evaluation of the probability uf a long term
criticality problem was made, it was concluded that the only case in which
there appeared to be a possible criticality problem was the intact assembly
with a gas stabilizer. Absent specific criteria as to allowable distortion of
the canister under lithostatic pressure, no conclusion could be drawn as to
the acceptability or unacceptability of the particulate stabilizer to resist
that pressure. ' ’
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6.4 SUMMARY OF EVALUATIONS

In order to arrive at an overall rating of the waste form/package
alternatives, the relative merits of each in respect to each of the issues
identified in Section 1.1 must be considered. The issue of compatibility of
waste form with the overall repository package does not provide a basis for
discriminating among the alternatives, as all packages were essentially

identical and no incompatibilities were found.
: ,
A qualitative comparison of the four alternative processes with the

Reference Process in respect to their impacts on packaging and repository
operations reveals some obvious advantages and disadvantages to each, as
summarized in Table 6-1. A more quantitative evaluation, taking into detaiied
account considerations relating to the technical status of the process and
equipment, the nature and severity of potential operating problems, the
relative safety/risk inherent in the respective processes, and the overall
economics of the packaging, handling, and disposal operation, make possible a
ranking of the alternatives in respect to these assessment areas. This
ranking is shown in Table 6G-2. Not immediately apparent trom Table 6-2 is the
extent of the influence of the ecoromic comparator in the determination of the
overall ranking; A];grnative Processes 3 and 4 require 65 percent fewer
packages for the samé process throughpui, and both the decreased cost of the
packages and the decreased cost of the handling and emplacement operations
offset the impact of the increased complexity of these two processes.*

Assessment of the long-term performance in the repository of the
alternative waste form/stabilizer combinations showed significant Jifference
among the candidate processes only in respect to the ability of the stabilizer
tc resist lithostatic pressure and to the influence of cladding degradation,
The alternatives with the solid stabilizer were clearly more able to resist
lithostatic pressure. With the particulate stabilizer the close-packed pins

*The advantage of reduction in number of packages could be attained by
enplacing more assemblies in each canister. Appendix E presents the results
of an analysis of package costs and package materia) requirements using the
Reference Process and an increased diameter canister which would hold_3 PWR
assemblies or 8 BWR assemblies. :



TRADE-OFFS:

TABLE 6-1

ALTERNATIVE PROCESSES VERSUS REFERENCE PROCESS

Principal
Operational Steps

ALTERNATIVE 1

Remove End Fittings
Package End Fittings

ALTERNATIVE 2

Remove End Fittings
Vent and Reseal Pins
Package End Fittings

ALTERNATIVE 3

Remove End Fittings
Pull Fuel Pins
Compact and Package Hardware

ALTERNATIVE 4

Remove End Fittings

Pull Fuel Pins

Shear Fuel Pins

Imobilize in Glass-Ceramic

Positive Factors

Shortens Canfsters
Reduces Weight to Handle

Shortens Canisters

Reduces Weight to Handle
Relieves Internal Pressure
Increases Temperature Margin

Shortens Canisters

Increases Density of Packing
Increases Flexibility in Canistering
Greatly Reduces Canister Requirements
Increases Repository Loading Options
Reduces Handling of Material

Increases Flexibility in Canistering
Greatly Reduces Canister Requirements
Reduces Handling of Material

Removes Some Fission Gases

Provides Matrix of Low Solubility

Provides Means of Sequestering Fuel Fines

Glass-Ceramic Matrix Has Good Thermal/
Mechanical Properties

IS
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Negative Factors

Creates Additional Waste
Presents Small Additional Risk
Requires Additional Facilities

Creates Additional Waste

Presents Small Additiona) Risk

Requires Equipment Development
and Demonstration

Requires Additional Facilities

Creates Additional Waste

Requires Significant Additiona)
Facilities

Slightly Increases Safety Risk

Requires Considerable fquipment
Design Development

Requires Equipment Demonstration

Destroys Barrier Provided by
Fuel Cladding.

Requires Double Canistering

Substantially Increases
Sufety Risk

Creates a Troublesome Waste

Significantly Increases Facility
Requirements

Presents Difficult Maintenance
Problems

Requires Large Scale Development
Progran

Involves High Temperature Operation

Quality Control Diffirult

Requires Large Amount of Additional

Facilities, Both Radioactive and
Non-Radioactive




TABLE 6-2
SUMMARY OF RANKING OF ALTERNATIVE PROCESSES

‘ TR S e D1sassemb1y

Assessment Reference End Fitting Fission Gas and Pin Shearing And

Area Process Removal Venting Storage Immobilization
Technical 1 2 3 3 4
Operating 2 3 4 1 5
Risk 1 1 3 2 4
Economic 4 3 3 1 2
Figure v
Of Merit 4 3 5. 1 2

are more effective against lithostatic pressure than the ‘intact assemb11es
which have considerably more void area for stabilizer fi11 and compact1on. .The
assessment for 1mpacts of cladding degradation resulted in downgrad1ng the
sheared/immobilized waste form significantly. Ranking of the a]ternat1ves in
respect to the in-repository criteria is set forth in Table 6-3. ’

| It should be noted that the overall ratings in the performance
study favored the solid stabilizer wastc forms over the particulate by a
substantial margin, which was almost entirely due to the influence of the. rating
on resistance to lithostatic pressure. In view of ‘the 1ack of any- cr1ter1a for
acceptable distortion of the canister, this cannot be used as a bas1s for
-rejecting the particulate stabilizer. It is of course obvious that a so]1d
stabilizer. would be preferable for . resisting canister distortion; .as noted
elsewhere in this report, a low-melting metallic alloy could be substituted for
ihe particulate by making relat1ve1y minor changes in process equipment,
w1thout a]terwng ‘the’ process’ evaluat1on presented in Section 4. 0
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TABLE 6-3
WASTE FORM RANKING AT <425C CLAD TEMPERATURE
(Extracted from Table 30 of Reference 1)

Reference , : .
Process and Alternative Alternative Alternative
Functional Criteria Alternative 1 2 3 4
Support Against 2 2 2 1
Lithostatic Pressure ‘
Breach of Canister 1 1 2 2
Due to Pressurization
Stability of Heat 2 2 4 ‘ 3
Transfer :
Minimizing Cladding 1 1 1 4
Degradation '
Long Term Stability : 1 1 1 ' 2
for Radionuclide
Retention
Independent Barrier 1 1 1 2
to Migrat@gg _
CriticaIi:;& . _ 1 1 1 . 1

[1 (best) —- 4 (worst)]

(a) Reference to “Stability of Heat Transfer" should probably read
“Stabilizer Heat Transfer"

(b) It appears that these rankings were derived from the AT's reported in
Section 3.3.6. As was pointed out in Section 3.3.6, using the thermal
conductivity of sand and giving no credit to the compacted fuel rods
which occupy approximately 70 percent of the cross section of the
canister results in a higher calculated temperature differential, and
thus a lower ranking on this attribute than is justified.
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6.5 RECOMMENDATION

As a result of the assessments made during the course of these
studies and comparative analyses of the relative merits of each disassembly
alternative, as summarized in Sections 3. 0, 4.0, and 5.0, it was concluded
that Alternat1ve 3, involving the disassembly of spent fuel and nackaging and
disposal of the resulting fuel pins, is the preferred method of dis sposing of
spent fuel. Alternative 3 does not rate as the first preference in all areas
of evaluation. It is concluded that, on balance, the d1sassemb1y and close-
packing of fuel pins is the opt1mum approach; a principal reason for this is
the reduction of nearly 65 percent (relative to the Reference Process) in the
number of packages which must be handled and enplaced which is made possible
by this process

The recommended process entails a more complicated packaaing
procedure than the Reference Process or Alternative 1, and is about ey |
(overall) «in process complexity with Alternative 2. The economic evaluation’
places it as the most attractive ¢, overall cost, followed by Alternative 4;
the 1atter even though superior ‘i ability to resist lithostatic pressure, is
ruled out due to its increased complexity and the major uncertainties as to
the operational feas1b111ty of several of the processes involved.

From the standpoint of the suitability of the waste form,
Alternative 3 is about even with the Peference Process and Alternatives 1
and 2, although Alternative 2 might receive a slightly higher rating than -
Alternative 3 on the basis that relief of the internal pressure in the fuel
pins delays from 4000 to 8000 years the time after canister breach in the
repository at wh1ch release of radioactivity commences.: - It would be a -
relatively simp]e‘ matter, however, to combine the benefits of both
alternatives by venting and resealing the pins either before pulling d4s in
Alternative 2 or after pulling. In comparison with Alternative 4,
Alternative 3 may be equal or better, depending on how one assesses the value
of the Zircaloy fuel cladding barrier versus the double encapsu]atlon in
Alternative 4 in a glass matrix and a stawn]ess steel container. As has been
observed, this was not ‘taken into account in the in- repos1tory performance
study.
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It is clear that economic advantage of Alternatives 3 and 4 over thé
Reference Process and Alternatives 1 and 2 is dominated by the effects of
reducing the nunber of packages to be emplaced. The total costs for the five
processes under consideration were all dominated by the package costs, and are
quite expensive because of the complexity of the package design whick'was =
employed, and by the high cost of the materials required. Notwithstanding,
the relative advantagé of Alternative 3 over the Reference Process and
Alternatives 1 and 2 would be preserved regardless of the package costs; thus,
if even the simylest of the packages which have been previously considered for
disposal of spent fuel (or high level so]idified_waste) were used as the
packaging basis for this study, Alternative 3 will show an econoﬁic advantage
over the Reference Process and Alternatives 1 and 2. The unit costs <f the
Reference Process and Alternative 3 were calculated at 75, 50, and 25 percent -
of the Reference Waste Package cost. The results are plotted in Figure 6-1,
and clearly illustrate that the magnitude of ine difference is sensitive to
package costs, but that the sign of the difference is unaffected by package
costs down to essentially zero package cost. The Alternative 3 process is
also attractive as a means of tailoring the therma1“]oading per package to the
specific requirements of a repository; as the per package loading decreases
from three PWR or eight BWR assemblies per canister, the economic advantage of
Alternative 3 will diminish, but will not disappear.
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APPENDIX A

THE INFLUENCES OF TEMPERATURE AND RADIATION ON THE
GENERAL CORROSION OF TITANIUM AND NICKEL
ALLOYS IN BRINE

“A. M. Filippi
January 1981

Westinghouse Electric Corporation,
"Advanced Energy Systems Division
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INTRODUCTION

A 1000-year containment life has been specified for nuclear waste packages
designed for geologic .isolation (Al). Consequently, waste packages must be
constructed from materials that will resist failure under all possible
thermal, radiation, pressure and water chemistry conditions which may develop
over this extended period of time.

Corrosion resistance in aqueous saline solutions is a primary property
considered when selecting waste package materials for salt isolation;
available information indicates that titanium and nickel alloys are the best
metallic candidates (A2). A review and analysis of the available saline
chrosion data is presented in this appendix to estimate how temperdature and
radiation will affect the general corrosion* of these alloys. It should be
possible to combine the analytical results with predictions of thermal
conditions developed during salt isolation to estimate minimum general
corrosion allowances for waste package barriers fabricated from titanium and
nickel alloys.

ASSUMPTIONS

1)  The dependency of corrosion rate (R) on absolute temperature (T) is given
by the Arrhenius cquation, i.e.,

R = ae'b/T where a and b are constant

2) Tha Arrhenius relaionship governing the temperature dependency of nickel
alloy corrosion in brine and sea water exhibit similar values of the b
constant (plots of £ nR vs 1/T exhibit the same slope for corrosion in
brine and seawater) o : . y

3) The reported differences in the brine and seawater corrosion behavior of
nickel alloys*: are not statistically significant.

. *Uniform surface attack

**The nickel alloys referred to are those in which the base metal is ‘alloyed

principally with Cr and frequently also with additions of Fe, Mo, W, Co, Nb,*

Ti or Al.
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4) Radiation influences corrosion behavior in brire in a manner similar to
oxygenation,

DISCUSSION

Corrosion Data o

A summary of the available corrosion data for titanium and nickel alloys in
brine and seawater is given in Table A-1 (A3, A4, A5, and AB). The saturated
solution of salts commonly referred to as brine is the corrosive fluid which

can form in a salt repository. Seawater is a corrosive fluid obviously
related to brine in that it contains similar dissolved salt constituents but
is less concentrated by about a factor of ten (A3). The general brine and
seawater corrosion data sumnarized 1in Table A-1 include information on
commercially pure titanium (C.P.Ti), two titanium ailoys (TiCode-12 and Ti-
Pd), and four nickel alloys (In600, Ih625, In825 and Hastelloy C-276). These
materials were tested at temperatures ranging from about room temperature to
250C under anoxic and oxic conditions. Also included in Table A-1 is a

“material referred to as a "Typical Nickel Alloy" ﬁhich represents the

, corrosion behavior of the four tested compositions with the data averaged
where possible.

Titanium Corrosion

One observation to note with regard to titanium is the difference in corrosion
behavior of the chemically pure material compared to the alloys. The
chemically pure material exhibited a pronounced increase in corrosion rate
and transition from general to crevice attach at 250C in brine when the
solution chemistry was changed from the anoxic to-the oxic condition. Under
the identical éonditions,'genera] corrosion was maintained for the titanium
alloys with the corrosion rates'being substantially lower in the oxic casc.
These -observations were jenerally confirmed by the behavior exhibited in

seawater at 250C where change in fluid conditions from anoxic to oxic caused

‘an increase in the corrosion rate of commercially pure titanium but decreased
that of the TiCode-12 alloy. ‘

o
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TABLE A-1
THE CORROSION BEHAVIOR OF TITANIUM AND NICKEL ALLOYS,

REFERENCES A3,A4,AS5, AND A6

L I L RV LT Wi LT e S

e

riale

TEST.CONDITIONS AND CORROSION RATES %} (%?)5“) ‘o |
230°C 159°C i 70°C 250°C i 250°C 7 250°C oo D2
eeengar Anox c(a) angxicle) | znoxicl2) | oOxic i Ancxic(2) Gxic i Rroxic Amexiz z
VATERIAL igri ! Srine P Srine ! Brine ! Seawater - Seawater ' Seawater Sazuzater H
i : X
C.P. Ti ,00055 ,0001 ! 0000026 - .13(d,¢) i .05 .G ) .oc0s3 .£028305 ;
{.012) (-Lozs)  [.o000s) - (372) Ponzy Lo g goel) (.0360:3) :
TiCode-12 .00013 000035 | .000c023 200071 E )i .eo0083 . 1 Lescoze(e) i
(.0232) €308) % (.co007) : 1002026(d). (ca:12) (.occsoy i :
Ti-pd !.oodoea .000012 | 0000036 .000015(c)§ 000325 | 000028 . |
i(.c024) . | (.0003) i (.00035)  (.0004) . (.coile) . (.20052). I
10600 00035 * i ; D oggp 0039(¢) ! ! ;
{.02¢ ; 051 R O S : .
12525 05920 i ; ;ouper (f) 5 ; '
{.005) | ; | (012 i ! ; I
1825 00028 : : ;L6006 _ .
{.006) | | ; 2 {.cch) , ‘ l
Hast. C-275 0928 ; © .02l f)l Lozagse ¢ sore(d.f) ecoones :
: (.€07) | l (.cs) L {.C035) 2 - (.03C053) ;
. ! H : ! : !
Typ. Ni Alloy ﬁ.vaozﬂgl | | I oo2e | .ocoe2z(g) ‘ .co58(s) ¢ coaooes '
i(.c088) ! : ) i (.2057) ! of.315) ; r.000055) ; i
. _
(@o.03 ppae,  Plerevice atteck  (Sesg pom 0, ‘Us0pzme, @355 2o, ¢,
€3 { PO ....;
& ‘material pitted ‘% )avorzge (g)criginﬂ cata renorted in y_ 10 the rimber of sigaificent figures given



The aforementioned ti;anium and titanium alloy corrosion results have threc
implications in regard to the selection of these materials for salt
applications and their anticipated corrosion behavior.

1. The susceptibility toward crevice corrosion exhibited by the
commercially pure titanium implies that use of this material would
have to be justified by careful analytical work and additional
corrosion testing. This is necessary to quantitatively determine
how all solution conditions (T, P, pH, [0,] , etc.) interact to
govern whether general or crevice attack occars, and establish that
operating conditions favoring crevice attack cannot develop during
the design life of the waste package. Consequently, in the absence
of this data, the selection of one of the two titanium alloys
represents the more conservative choice of material for salt
repository waste packages.

2. The decreased rate of general corrosion caused by increasing the
oxygen level of the solution (anoxic to oxic change) implies that a
similar effect might result from radiation exposure, since it is
generally conceded that the oxidation potential of any brine in the
vicinity of a geologically isolated nuclear waste package will be
increased by its reaction with radiation. (A3, A5, and A6). On the
other hand, it would be more conservative to simply conclude that
the general corrosion resistance of titanium alloys is not expected .
to be significantly changed in the presence of radiation as opposed
to being improved. This approach is substantiated to a degree by
result of Braithwaite et al (A3), who reported that the general )
corrosion rate of TiCode-12 under a radiation exposure of 107 rads )
(T )/h at 90C remained unchanged in seawater, and was only doubled* '

~in brine by=comparison to the levels measured without presence of
radiation.

under anoxic conditions should be conservative in regard to the use
of the titanium alloys for salt repository waste packages. (The
general corrosion rates measured for the titanium alloys were
higher under anoxic compared to oxic conditions, and radiation
effects favor development of oxic conditions).

3. General corrosion allowance calculations based on the behavior |
|
|

*Owing to the extremely Tow corrosion rates measured for this titanium alloy
at 90C (~10-5 in./yr), a factor of two increase may be well.within the
accuracy of experimental measurements.
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The corroéion data reported for TiCode-12 and Ti-Pd tested in anoxic brine are
plotted in Figure A-1, assuming that the corrosion rates follow an Arrhenius
equation temperature dependency, i.e., R=ae'b/T**. An accurate description
of the influence that temperature has on the rate of a chemical reaction i
typically given by this expression over small temperature ranges when
reaction mechanisms remain unchanged (A7).

The equations given in Figure A-1 to define the dependency of corrosion rates
on temperature are least square curve fits. They could be used to calculate
general corrosion allowances for TiCode-12 or Ti-Pd alloy waste package
barriers, provided that the dependency of barrier temperature on residence
time in the repository has been analytically determined.

Temperature appears to have approximately the same influence on the general
corrosion behavior of both titanium alloys, but the rate of attack is slightly
higher for the TiCode-12 composition. Regardless, the TiCode-12 should be
less expensive than Ti-Pd (A5); thercfore, it is the best currently available
titanium alloy for salt repository waste package applications.

Nickel Alloy Corrosion

Most of the corrosion rate data available for nickel alloys represents anoxic
tests at 250C. Depending-upon the particular alloy, these rates range from ~
0.0002 to 0.0004 in./yr in brine, and ~ 0.0001 to 0.0005 in./yr in secawater,
However, these data typically represent one or two short "duration tests on
each material, consequently, differences in repbrted corrosion rates ac
probably not significant. This conclusion was applied to the "Typical Nickel
Alloy" summary given in Table A-1 where the 250C anoxic brine and seawater
corrosion rates are averages of all the reported data.

b

7

**R = General Corrosion Rate o ) S
3 and b = Constants
T = Absolute Temperature
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Only three tests have been run on nickel alloys under oxic conditions, but the
results consistently reveal a corrosion behavior distinctly different from
that previously described for the titanium alloys.  This difference is
graphically illustrated in Figure A-2 where the corrosion rate of nickel and
titanium alloys are plotted as a function of the oxygen content of the test
solutions. The nickel alloys, In600 and Hastelloy C-276, displayed roughly a
factor of ten increase of corrosion rate at 250C when test conditions were
changed from anoxic to oxic which is opposite to the observed titanium alloy
behavior. The Hastelloy test material was also pitted by oxic brine and
seawater which proved to be a particularly surprising result since the test
autoclaves were fabricated from this alloy and none underwent similar attack
(A2). This result illustrates how subtle conditions are frequently involved
in determining whether or not localized attack occurs, and serves to emphasize
that corrosion behavior s best established by careful statistical
experiments,

The implication of the observed increase in nickel alloy corrosion behavior
caused by an anoxic to oxic change of soluticn condition is that radiation
(increased oxidation potential) will have a similar effect. This negative
influence of radiation could be minimized in waste package design by placing
any nickel al1oy barr1er furthest from the waste form or shielding it.

To be conservative in determining waste package corrosion allowances for
nickel alloys, additional data are required on their behavior in oxic brine.
Further testing is necessary to statistically determine whether the many
candidate .nickel alloys differ significantly in corrosion behavwor, which
compositions maintain general corrosion behavior as opposed to undergoing
localized attack such as crevice, pitting or stress corrosion, and also how
corrosion rates are influenced by temperature.

- The corrosion behavior of nickel a]]oys under worst-casé repository
cond1t1ons, approximated by oxic brine cond1t10ns, and how corrosion rates

[#)
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are influenced by temperature, can only be roughly estimated from the data
currently available. Such an estimate is presented in Figure A-3 using
information summarized in Table A-1 for a "Typical Nickel Alloy."  The
procedure used to estimate the temperature dependency of brine corrosion
simply involved assuming that it weculd be similar to that observed for
corrosion in seanater; i.e., the n vs 1/T slopes for brine and seawater
corrosion were assumed to be equal. The corrosion behavior observed for
commercially pure titanium in brine and seawater (Figure A-4) provided some
justification for making this assumption. |

CONCLUSIONS

1) The presence of radiation should have lituie influence on the brine
corrosion behavior of the principal titanium alloy waste packoge
barrier candidate, TiCode-12.

2) A reasonable estimate of the general corrosion allowance for
TiCode-12 used in' a waste package designed for isolation in salt can
be obtained by reference to behavior in "anoxic brine. The
temperature dependency of TiCode-12 corrosion in anox1c br1ne in
the 343 to 523K range is given by:

IR = fn 0.216~§§%L

3) The superiority of any one¢ nickel a]]oy for waste packiage barrier
applications involving dsolation in salt cannot be clearly
established on the basis of the avai]ab]e brine corrosion
information

4) .Radiation will increase the rate of n1cke1 alloy corrosion and may
cause localized attack in some cases.

5) A reasonable estimate of the general corrosion allowance for a °

nickel alloy used in a waste package designed for isolation in salt
can be obtained by reference to behavior in oxic brine. A rough
estimate of the temperature dependency of nickel alloy corrosion in
oxic brine in the 363 to 523K range is given by:

2R~ £n60-5300

T
*R = General Corrosion Rate (in./yr)
T = Absolute Temperature (Kelvin
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APPENDIX B
ANALYSIS OF SPENT FUEL PACKAGE PARAMETERS AND COST

FOR_THE VARIOUS DISASSEMBLY ALTERNATIVES CONSIDERED IN.THIS STUDY
) J.

In view of the fact that the cost of the titanium canisters and
Inconel liners were expected to represent a major cost consideralion in the
comparison of the spent fuel disassembly alternatives considered in this
study, a careful analysis of the package size was made for each alternative.
The smallest possible packages which could be utilized to adequately contain
‘the spent fuel and stabi]izé? were established, thereby minimizing the amount

and cost of titanium and Inconel required. A preliminary analysis of the cost

of each type of material composing the package indicated that titanium and
Inconel were by far the most expensive constituents of the package, and
therefore the titanium canister and Incoiel liner were the principal items of
consideration. . A summary of the spent fuel packaging requ1rements for each
disassembly alternative which resu]ted from this ana1y51s is set forth in
Table B 1

Producers and fabricators of these materials were contacted to
obtain cost estimates of plate, pipe, and the fabricated canisters and liners.
The volumes of titanium and Inconel required by the packages were calculated.
Because of the large 5123 of the package and the number of packages required,
it was necessary to analyze the total amount of raw materials consumed for the
repository and examine the 1mpact of such consumption on the available natural
resources.,

The prices -obtained from producers and fabricators of titanium and
Inconel are described by the following sections and are presented in summary
form in Table B-2.
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TABLE B-1
SPENT FUEL PACKAGE PARAMETERS

Reference Alt. 1 Alt, 2 Alt. 3 Alt. 4
' End Fission Disassembly
Canister Unmodified Fitting Gas & Pin Shearing and
Description Spent Fuel Removal Venting Storage Immobhilization
Outside Diameter {in.) . 14.0 14.0 14.0 14.5 19.5
Wall Thickness (in,)_ 0.25 0.25 0.25 0.25 0.25
Length (in.) . ,
PWR 171.8 164.7 164.7 163.5 159.8
BWR 188.0 173.5 173.5 172.3 177.8
Assemblies Contained
PR 1 1 1 3 3
BWR 2 2 2 -8 8
Heat Load/Canister (kw)(l)
PWR 0.53 0.53 0.53 1.59 1.59
BWR 0.38 0.38 0.38 1.52 : 1.52
Number Canisters/yr. :
PWR - 6,300 6,300 6,300 2,100 - 2,100
BWR 4,450 4,450 4,450 1,113 1,113
* . Liner _
Description
Liner Outside )
Diameter (in.) . 20.0° 20.0 20.0 20.5 25.5
Na]& Thickness (in.) 1 1 . 1 1 ‘ 1
Liné;uLength (in.) ‘ .
PR - 232.4 225.3 . 225.3 224.1 220.4
BWR - . 248.6 234.1 o234.1 232.9 238.4
* Excavation Required (ft.3) |
‘ PWR : ~ 233.8 227 .5 - 227.5 231.4 200.8
- BWR - 248.0 235.3 . 235.3 . 239.4 . :300.9
Excavation Reduction from ' | M
Refgrence Process Package ‘ :
(ft) PR S © 6.3 6.3 2.4 -47.0
BWR : - 12.7 12.7 8.6 -52.9

| (l)Based on 0.53 kW/assembly PWR and 0.19 kW/assembly BWR.
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Source

Titanium
stro
’Meta!lurgical(a)

Titaniy=
Industries(b)

TINET

Futura
Titanium(c)

Iconel

hurlington
Alloys

Hillians & Co.
Midlend Stee?(d) '
.Younzstowr

- weldirgle)

3. 8. Tenff)

B e eI R NPV, ST e - ¥

TABLE 3-2
SUMMARY OF COST ESTIMATES FOR TITANIUM AND INCONEL

Combined Materiz: and

Material Costs{Plate) Fsbrication Cost Fabrication Costs
Alloy Thickness{in) 3/pcund MR 37pccnd S7¥!3 37pcund /T3

Ti-50A 174 - - - - 15.60 5,230
TiCode-2 174 . - - - - 39.:0 11,000
TiCode-12 174 T12.22 3,438 R - -
TiCode-12 1/4 15.60 5,500 20.50 . 5,750 CO.IOV li,ZSO
Inconel 60¢ 1 ) 6.25 3,310 - - - -
Inccne? 600 1 6.52 3.460 - - - -
Inconel 630 1 - - 1.73 919 - -
Incone! 620 7/8 - - - - 8.02 4,250
Inconel §00 1 - R - - Q.40 5,600

(3
(vj

Fer 147 00 pipe.
Guantity.

(c)
(¢
(e)

(i

Based on procucticn of 24 0D Canister, with 2 comed heads and a rozile, 9° in length. Quote rot availadle fsr bulk

Inciudes welding on “ower end cay with top cap left loose. 8ased on average costs of several carister sfzes.
R2ced on experience fabricating 17 thick stainless steel.

&

Eased on 20" 0D, 8' long secticrs of pinc.
E3sec on averace unit costs of various sizes of pise 120~ 0D X 170= long, 23" 0J X 160" long, 25 0D X 50- lon3,

25 0D X 5J" long). Unit cost was not stroagly cependent ¢n CD or length.

B bt
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(1) Titanium

Although TiCode-12 was the titanium alloy under consideration,

quotes for TI-50A and TiCode-2 (a commercial grade TiCode) were included
for purposes of comparison.

(a)

(?)

(d)

Astro Metallurgical estimated the cost per foot of 14-inch 0D pipe
of Ti-50A with a wall thickness of 0.25 inches to be $392.56/ft. A
one foot length of this pipe was calculated to contain 0.075)_ft3 of
titanium. The resulting cost per unit volume was calculated to be
$5, 230/ft3 To arrive at the cost per pound, the value of
$5, 230/ft was divided by the density of titanium (281 1b/ft3)
resulting in a cost of $18.60/pound.

Titanium Industries estimated the cost of a 9-foot long TiCode-2

canister with a wall thickness of 0.25 inches, which had been
produced previously at $13,000. This cost was divided by the

’est1mated volume of the titanium contained 1n the canister (1.182

ft ) to arrives at a unit cost of $11, OOO/ft The cost per pound
was calculated by dividing the cost per cubic foot by the density of
titanium, resulting in a cost of $39.10/pound.

TIMET supplied the cost - of 0.25-inch TiCode-12 plate as
$12.22/pound. Multiplying by the dens1ty of titanium results in a
cost of $3,434/ft 3 :

Futura Titanium provided the following formulas for use in

calculating the costs for material and fabrication for large
quantities of various sizes of TiCode-12 canisters:
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I i L

(2)

(i) For diameters greater than 12-inches and lengths between 120
and 180-inches:

Material cost in §

Where d

k

Labor Cost in $

2d (1+1.25¢2)
diameter in inches

n

Tength in inches, including end caps
25d + 342 + 300

i

{ii) For diameters greater than 12-inches and lengths greater than
180-inches, the material cost formula is the same as in (i) and
labor is estimated as follows:

Labor Cost in $ = 25d + 342 + 400

 (d) The cost.per cubic foot was calculated by averaging the cost per
‘cubic foot of several different canister sizes. The costs per cubic,
foot did not show a strong dependence on canister length or UD. The
average canister cost per cubic foot was calculated to be
$5,750/ft3 with a standard deviation of "only S400/ft3. It is
therefore felt that the average value indicated in Table B-2 is an
accurate representation of the unit cost of a typical canister. The
cost per pound was then calculated by dividing the cost per cubic
foot by the density of titanium.

Inconel * o

The alloy under consideration for the packdge liner is Inconel 600.
The suppliers of Inconel who were contacted felt they -could meet -the
projected annual demand for this prbject only with sufficient advance
planning. Many fabricators were contacted but most were unable to
fabricate large 0D or 1 inch thick pipe wall. It appears likely that the
present fabrication capacity of Inconel pipe would have to be expanded to
meet the annual needs of the repositdry.
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(a)

(b)

(d)

(e)

Huntington Alloys quoted l-inch Inconel 600 plate at $6.25/pound.
Multiplying by. the density of Inconel (530 pounds/ft ) results in a
cost of $3, 310/ft

Williams and Company quoted 1l-inch Inconel 600 plate as

$6. 52/pound. Mu1t1p1y1ng by the density of Inconel results in a

cost of $3, dbO/ft

Because of the paucity of Inconel fabricators able to produce pipe
of the required 0D and wall thickness, a steel fabricator (Midland
Steel) was contacted and provided an estimate of the cost of
fabricating a typical Inconel liner based on their experience with
stainless steel. Midland Steel estimates typical liner fabrication
to cost $8,580. Dividing by the average liner volume of 9.34 ft°

results in a cost of $919/ft3, Dividing by the density of inconel
yields a cost per pound of $1.73/pound.

Youngstown Welding stated that they were unable to fabricate pipe
with-a l-inch wall thickness, but were able to quote the cost of
7/8-inch wall Inconel 600 pipe in eight foot lengths with a 20-inch
0D at $1,550/ft. The volume of a one-foot length of such pipe was
calculated to be 0.365 ft3 Dividing the cost of one foot of pipe
by the volume thereof results in a cost per cubic foot of
$4,250/ft3. Dividing the cost per cubic foot by the density yields
a cost per pound of $8.02/pound.

J. M. Tull Metals contacted an Inconel fabricator who was able to
produce pipe of the required 0D and thickness. - SWEPCO provided
J..M. Tull with fabrication costs, and the cost of Inconel 600
plate was provided by Huntington Alloys. J. M. Tull then quoted
the cost of four different pipe sizes for purposes of comparison.

. The cost of each pipe was divided by the calculated volume of each
pipe; the four resulting costs per cubic foot were then averaged fo -
~ obtain a mean cost per cubic foot of app'ox1mate1y $5, 000/ft s with
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a standard deviation of $120/ft3. The lowest individual cost per
cubic foot was $4,830/ft3; the highest was $5,120/ft3. Since the

~variation in cost ‘per cubic foot of each pipe was very small,
$5,000/ft3 was used as a'typical cost for fabricated Inconel 600
pipe. The cost per pound was calculated by dividing the cost per
cubic foot by the density of Inconel, resulting in a cost per pound
of $9.40/pound. ' ‘

Based on comparison of the quotes provided by the previously
discussed sources and the relevance of each quote to the specific spent fuel
package application, cost estimates for fabricated titanium and Inconel were
established for the purposes of this analysis.

The cost estimate provided, by Futura Titanium for TiCode-12

canisters was chosen to be the most appropriate. Costs for material and labor

for each canister size were calculated using the equations provided by them to
give the total cost per canister. This result was increased by 20% to account
for the quality assurance requivrements.

The cost estimate provided by J. M. Tull Metals for Inconel 600 pipe
was chosen as a basis for estimating the cost of the“iiner. .The cost per cubic
foot of $5,000/ft3 was increased by $400/ft3
necessary to form an ellipsoid end cap for the liner. The resulting total of
$5,400/ft3 was then increased by 20% for the quality assurance requirements to
yield a final cost per cubic foot of $6,500/ft3.

to provide for the extra labor

The volume and weight of titanium and Inconel contained in the waste
packages for the various Spent fuel disassembly alternatives were determined,
as were the total annual requirements for these materials (at capacity
operation of the repository) and the total requirements for these materials
over théilifetime of the repository operation. The unit costs for titanium
and .Inco-n1 were applied to each of these requirements and the differences in
costs for these maferia1s between the various disassembly alternatives were
calculated. The results of these calculations are set forth in Tables B-3,
B-4 and B-5.
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TABLE B-3
SPENT FUEL PACKAGE REGUIREMENTS (INDIVIDUAL)

Reference Alt. 1 AL, 2 At 3 At 4
End Fission Disassembly
Unmodified Fitting Gas & Pin Shearing and
Spent Fuel Removal Venting Storage Iminobilization
TiCode Canister }
Volume of TiCode-12: - PR 1.08 1.03 1,03 1,06 1.41
(ft.3/Canister) BWR 1.18 1.09 1.09 1.12 1.56
Weight of TiCode-12 PWR 303 289 289 298 396
{1b.) ( p=281 1b/ft.3) BKR 332 306 306 315 438
Cost/Canister ($) PWR 14,830 . 14,240 14,240 14,400 16,600 -
- BWR 16,250 14,970 14,970 15,140 - 18,390
Canister Cost/Assembly ($) PUR 14,830 14,240 14,240 4,800 5,530
BWR 8,120 7,490 7,490 1,890 2,300
Canister Cost Reduction PHR - 590 590 430 - 1,770
From Reference Process Canister{$/Canister) BWR - 1,280 1,280 1,110 - 2,140 -
Fanister Cost Reduction PWR - 590 590 10,030 9,306"
From Reference Process Canister($/Assembly) BWR - 640 640 6,240 5.‘6{0
Incone)-Liner ’ '
Volume of Inconel 60D = PHR 9.11  8.87 8.87 9.04 nmas.
(ft.3/Canister) BHR 9.67 9.17 9.17 9.36 11,94
Weight of Inconel 600 PHR 4,828 4,701 4,701 4,791 5,904
(1b/Liner) { p=530 1b/ft.3) “BWR 5,125 4,860 4,860 4,961 6,328
Cost/Liner ($) PWR 59,220 57,660 57,660 68,760 72,410
. BHR 6.2.860 ~ 59,610 59,610 60,840 77,610
Liner Cost/Assembly . PWR 59,220 57,660 57,660 19,590 24,140
($/Asscmbly) BWR 31,430 29,810 29,810 7,610 9,700
Liner Cost Reduction © PHR - 1,560 1,560 460 -13,190
From Reference Process ($/Liner) BWR - 3,250 3,250 2,020 -14,750
Liner Cost Reduction . PHR - 1,560 1,560 39,630 35,080
From Reference Process ($/Assembly) BWR - 1,620 . 1,620 23,820 21,730
TOTALS .
Canister and Liner A PHR 74,050 71,900 71,900 73,160 89,010
Cost ($) : BWR 79,110 74,580 2 74,580 75,980 96,000
Canister and Liner : PHR 74,050 71,900 71,900 24,390 29,670
Cost/Assembly ($/Assembly) BHR 39,560 37,300 37,300 9,500 12,000
Cost Reduction per Canister and - PHR - 2,150 2,150 890 -14,960
“Liner from Reference Process : BHR - 4,530 4,530 3,130 -16,890
($/Package) . : )
Cost Reduction -per Assembly from PHR - 2,150 2,150 49,660 44,380
Reference Process ($/Assembly) BWR - 2,260 2,260 30,060 27,560
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TABLE B-4
SPENT_FUEL PACKAGE REQUIREMENTS (ANNUAL)

Reference Alt. 1 Alt, 2 Alt, 3 Alt. 4

s End Fission  Disassembly
i Unmodified Fitting Gas & Pin Shearing and
: ~Description Spent Fuel Removal Venting Storage Immobilization
: TiCoge-]Z volume/yr, 12,055 11,340 11,340 3,473 4,697
} (ft.%/yr.) ‘
’ TiCode-12 weight/yr. 3.39 3.19 3.19 0.98 1.32
(millions of 1b/yr.)
‘ Incoge] 600 volume/yr. 100,425 96,688 96,688 29,402 36,683
) (ft.%/yr.)
Inconel 60O weight/yr. 53.2 51.2 ° 51.2 15.6 19.4
(millions of 1b/yr.) o ‘
TiCode and Inconel 819 785 785 238 294 -
cost/yr,
(millions of $/yr.)
Annual Cost Reduction - 34 34 581 525

From Reference Process
(millions of $/yr.)

%

. \tiiS
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TABLE B-5
SPENT FUEL PACKAGE REQUIREMENTS (LIFE()OF REPOSITORY)

o

Reference Alt. 1 At. 2 Alt. 3 Alt. 4

: End Fission Disassembly
N Unmpdified Fitting Gas & Pin Shearing and
Description Spent Fuel Removal Venting Storage Immobilization
TiCode-12 Volume 204 192 192 58.6 79.3
(thousands of ft.3)
TiCode-12 Weight 57.3 54.0 54.0 16.5 22.3
(millions of 1b.) ,
Inconel 600 Volume 1,702 1,638 1,638 496 619
(thousands of ft.3) :
Inconel 600 Weight 902 . 868 - 868 263 328
(millions of 1b.) '
Total Excavation Required 43.7 ° 42.0 42.0 12.7 15.6
(millions of ft.3)
Excavation Reduction from - 1.7 1.7 31.0 28.1

Reference Process ; ' '
(millions of ft.3)
Tidee and Inconel Cost 13.87 13.29 13.29 4.02 4,96
(billions of $) N -
Cost Reduction from - 0.58 ©0.58 9.85 8.91

Reference Process
(billions of $)

] ,
o /

b

(1) Based on 260,000 assemblies, 40% PHR (104,000) and 60% BKR (156,000)
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APPENDIX 3
ANALYSIS OF SPENT FUEL PACKAGE PARAMETERS AND COST
FOR THE VARIOUS DISASSEMBLY ALTERNATIVES CONSIDERED IN THIS STUDY
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APPENDIX C

METHODOLOGY FOR SYSTEMATIC COMPARISON
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APPENDIX C
METHODOLOGY FOR SYSTEMATIC COMPARISON

Each alternative process has been evaluated with respect to the
Reference Process on the basis of technical assessment, operating assessment,
risk assessment, and economic assessment. In order to reach a clear relative
evaluation, these assessment areas have been weighted with respect to each
“other. Further, where it was reason~*le to do so, ithe assessment area was
subdivided into sub- criteria and these sub-criteria were also weighted with
respect to cach other. F1na11y, the alternative processes were rated with
respect to the Reference Procéss and a Figure of Merit for each process was
determined by the sum of products of weighting factors and ratings.

It is the purpose of this appendix to define the subdivisiohs of the

assessment areas and to present the weighting factors. The next section will.

present the process ratings and Figure of Merit determination.

€. ASSESSMENT CRITERIA

Table C-1 lists the four assessment areas and the subdivision of
each into individual criteria. The choica of the criteria in each arca is
briefly discussed below.

C.1.1 Technical Assessment

Based on the proceéé flbwsheets and equipment ]ayoufs which have
been presented for each alternative and upon a comparison of the known
technology with that deemed to be' necess sary for reliable and safe operation,
the techno]og1ca1 des1rab1]1ty of each process was evaluated. The subjects of
this evaluation included not only the state of know]edge of the process and
equipment but also the effectiveness of safeguards dur1ng process1ng and in
respect to the flnal waste form, 3 i

°C.1.2 Operating Assessment

D1ff1cu1ty of operat1on of each spent fuel packaging facility and
of the repos1tory for each a]ternat1ve was determ1ned basr1 on process

i
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A. Technical Assessment ’ B.

TABLE -C-1

QRITERIA FOR COMPARATIVE EVALUATION OF SPENT FUEL DISASSEMBLY ALTERNATIVES

FIGUKT OF MERIT

Operating Assassment €. Risk Assessment
(1) Status of Process Technology (1) Process Complexity . (1) Oserator Exposure
(=) Stete of Development {a) Number of Process Steps (2) PubTic Exposure
(5)3 Time Required to Corplete (b) Amount of Internal Recycle (3) Aczcident Potentfal

{2)

(3)
“

(s)

Status of Equipment Jevelcpment
and Je=g~rstration

(a; State of Development

(2)
{b) Scale of Denonstration
{c) Tize Required To Complete
JdevelozTent and Demon-
stration
Aaount of Prior Experience ( )
3

Safeguards Effectiveneé;

(2) Accessibility of S\M

(b) Dispersadbility

(c) Ezse of Huclear Material (4)
Control and Accounting

Roeeptadility of Waste Form

(5)

(<) Amount of Secondary Waste

{2) Criticaiity
& 0f'-Gas Generation

(d) Fire
Equipment Relfability (c) Explosion
{2) Probadbility of Failure/ i (d; Natural Phenomena
Haint. Requirements (4) Occupational Safety

s
(b) Process Latitudes (5) Long Term Hazard
(c) Ease of Remote Maintenance

Quality Assuraace
(a) Controllability of Process
(b) Ease of Accomplishing-Q.A.

Facility/Special Material Requirements

{a) Extent of Contaninatfon ¢¢
Facilities :

(b} Extent of Use of Materials
in Short Supply

taterial Handling
(2) Above Ground Qperations
(b) B8elew Ground Operations

D. ceonzaic Assessment

(1) unit Cost



cbmp]exity and equipment reliability. These attributes are particularly
important in operations which must be conducted remotely. - In addition to
projected difficulty of operat1on consideration was also ‘given to the
requirements for and ease of quality assurance. and to the need for special
facilities or materials. | '

C.1.3 Risk Assessment

o
The risk assessment of each spent fuel _disassembly alternative was
evaluated primarily in connection with rad1at1on exposure,  Such exposure
includes both occupational exposure under routine and accident conditions and
non-occupational exposure due to possible off-site releases. Moreover, the
poss1b111ty of radiation exposure of future popu]at1ons as a result of nawve
intrusion into the repos1tory was subjected to compa“at1ve eva]uatwon

C.1.4 Economic Assessment

The unit cost of each spent fuel disposal alternative was
. determined as a cdmparator of the a]ternativgs.'

C.2 WEIGHTING FACTORS

The hierarchy of weighting factors is 1illustrated in Tables C- 2
through C-5. It will be noticed that the weighting factors for the four
assessment areas sum to unity; that the weighting factors for criteria in any
one assessment area sum to unity; and that, where sub-criteria are used, their-
weighting frctors also sum to unity. The relative weights in each category
are thus eas11y compared. ’

0bv1ous1y, the assignment of we1ght1ng facfors reflects . a
particular point of view regarding the relative 1mportance of the various
. criteria. Of the assessment areas, lhe economic assessment is we1ghteu most
heavily. ' This results from the recognition that the cost considerations are
~basic to any comparison of competing routes;to a defined objective, and that
higher costs will reflect higher overall levels of operational complexity or -
activity in each of the other assessment areas,
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TABLE C-2
WEIGHTING FACTORS FOR ASSESSMENT AREAS

Technical Assessment .0.25
Operating Assessment 0.20
Risk Assessment ) 0.15
Economic Assessment 0.40

1.00

TABLE C-3

WEIGHTING FACFORS FOR TECHNICAL ASSESSMENT CRITERIA

Status of Process Technology

a)
b)

Staths of Equipment Development and Demonstration
- _State of Development

a)
b)

)

a)
b)
c)

State of Development
Time Required to Complete Development.

il

Scale of Demonstration

Time Required to Comp1ete Deve1opment and
Demonstrat1on ,

“ Amount of Prior Experience

Safeguards £ uctiveness
Atcessibility of SNM

Disper«ibility of SNM

Ease of Nuclear Material Control and

‘Accounting

Acceptabiliiy of Waste Form

190

0.50
0.50

i

A0
.30

.30

0.20



'a) Above Ground Hand1ing
“b) Below Ground Handling

TABLE C-4

WEIGHTING FACTORS FOR OPERATING ASSESSMENT CRITERIA

Process Complexity
a) Number of Process Steps
b)  Amount of Internal Recycle

c) Amount of Secondary Wa-te and Off-Gas
Generation i

Equipment Reliability

‘a)  Prebability of Failure/Maintenance

Requirements

,b) Process Latiiudes

c) Ease of Remote Maintenance

Quality Assurance’

a) Controllability of Process

b) Ease of Accomplishing Qcﬁﬂit& Assurance
Facility/Special Material Rédbirements\

a).. Extent of Contamination of Facilities

b)  Extent of Use of Materials in Short Supply

 Material Handling

J<4

191

-0.40
0.30

0.30

0.40
0.25
0.35

' 0.55
0.45

0.55

0.45

0.40

0.60

0.20

1 0.20

1.00
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| TABLE C-5
WEIGHTING FACTORS FOR RISK ASSESSMENT CRITERIA

~\ 1'

1. Operator Exposure . 0.25
2. -Public Exposure ‘ 0.20
3. Accident Potential ' : 0.25
a) Criticality. 0.30
b) Fire 0.25
c) Sabotage . 0.25 =
d) Natural Phenomena A 0.20
4. Occupational Safety : 0.15
5. Long Term Hazard 0.15
1.00

.3 FIGURE OF MERIT COMPARISUNS

The disassembly alternatives were rated with respect to the
Reference Process by assigning a rating of 5 to the Reference Process and
‘rating the alternatives on each criterion over a scale from 0 to 10
corresponding to unacceptable to very desirable. The assigned ratings as well
as the weighted ratingé for the individual criteria are shown in Table C-6.
O virtually all criteria with the exception of the use of materials in short
supply, material hardling, and the unit cost of spent fuel disposal, tie
alternative processes are equa] to the Reference Process or less desirable.
The advantages accrue exclusively from the volume reduction of the spent fuel
package or the reduction in number of packages and the congequen* more
efficient utilization of waste, package materials and repository volume.
Thus, not only are the overall package costs substantially lower, espécia]]y

-

for Alternative 3 and 4, but the level of operational act1v1ty required to

emplace the waste packages is reduced.
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TABLE C-6
RATINGS OF DISASSEMBLY ALTERNATIVES

it

% DMsassemdly

5 End Fitting Fission 3os and Pin Shewsing and

‘g’- Removal Venting Sturage Tontlizatien

é Welghted Weighted T oigted 7 Weiited
Q Rating Raling Rating Rating Rattng Roting Rating Rating
H A. Technical Assessment :

i {1} Status of Precess Technology

4 {s) State of Developaent s . 30 .08 40 .0 2.0 .05

| (b) ‘Time Reguircd to Complcte 4.5 g1 4.0 .10 4.0 .10 2.0 .05

(?) Status of Equipment Development
and Domonstration

{3) State of Dovelopaent $.0 .08 4.0 .06 4.0 .06 2.0 .03
{b) 3cale of Domenstration 5.0 08 o .04 4.0 .06 1.5 .02
{¢) Time Requircd Vo Complete
Development and Devon-
stration 5.0 .10 4.0 .08 4.0 .09 2.0 .04
(3) Amount of Prior Experience 5.0 W25 3.0 W15 3.5 .18 1.5 .08
(&) Safcguards Effectiveness }
{a) Accessibility of S8M 5.0 .10 5.0 .10 4.0 .08 8.0 . .08
(b) Dispersability 5.0 .08 5.0 .08 5.0 .c8 3.0 .04
(c) Ease of Huclear Material : :
Control and Accounting 5.0 .08 5.0 .08 4.0 .06 2.5 .04
: (S) _Acceptability of Kaste Form 5.0 .25 5.5 .28 5.0 .25 4.5 22
, B. Oporating Assessment N
‘ (1) Process Complexity
; (s} Nunber of Process Steps 4.5 .07 4.0 .06 3.5 .06 2.0 .03,
r (b) Amount of Interne! Recycle 5.0 .06 50 .06 5.0 .06 45 05"
{c) Amdunt of Secondary Wasle

L Off-Gas Generation 4.5 05 4.0 .05 4.0 .05 2.5 .03

(2) fquipment Reliability

(a) Probaditity of Fatlure/ : :
Maint. Regquirenents 4.5 .07 3.5 .06 3.5 .06 '2.0 . .03

) {b) Process Latitudes 5.0 .C5 4,5 .04 8.0 .05 4.5 L04
(c) Ease of Remole Maintenance 5.0 .0 4.0 .06 4.5 .06 1.0 .04
(3) Quality Assurance
(s) Contrclladility of Process 5.0 .08 4.5 .07 4.5 .07 3.0 .05
{b) Ease of -Accomplishing Q.A, 5.0 .07 4,5 .06 4.5 .06 3.0 .04

(4)3 Facitity/Special Meterfal Requirements
(a) Extent of Contanination of

Facilities 45 0 40 .09 45 .0 2.0 .04
(b) Extent of Usc of Materisls :
fn Short Supply 5.5 .10 5.5 .10 9.0 16 8.5 .19
(5) Waterial Handling , '
(a) Adove Ground Operations 5.0 .10 5.0 J0 T 2.0 7 14 2.0 .04
(b) Bclow Ground Operations $.0 A5 5.0 15 9.0 W20 9.0 .21
C. Risk Assessment ‘ A
(1) Operator Exposure . 5.0 .19 40 .15 4.0 15 2.5 .10
(2) Pudblic Exposure 5.0 .5 s Ll 5.0 .15 4.0 22
{3) Accident Potential ]
(a) Criticality 5.0 L6 5.0 .06 4.5 .05 4.0 .04
{b) Fire 5.0 0% Y b4 4.8 .04 4.0 0¢
{c) Explosion 5.0 .05 5.0 .05 5.0 .05 &0 .04
(d) Natural Phenomena 8.0 04 5.0 .08 5.0 .04 4.5 .02
(4) Occupational Safety 4.5 % .10 4.0 09 4.5 .10 .5 .03
($) Long Yerm Nazard 5.0 01 5.0 1 5.0 .11 5.0 A1
D. [conomic Assrssment . &

(1) . Unit Cost $5 2.2 5.5 2.20 10.0 4.00 9.0 3.60
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A summary of the Figure of Merit components by assessment areas is
given in Table C-7. On the basis of these summed weighted ratings, . the
disassembly of the spent fuel and close packing of the fuel pins is the
preferred alternative.

TABLE C-7
FIGURE CF MERIT SUMMARY*

= Disassembly

Assessment Unmodified End Fitting Fission Gas and Pin Sheariﬁg And
Area Spent Fue} Removal Venting Storage Immobilization
Technical 1.25(1) 1.24(2) 1.05(3) 1.05(3) ‘ 0.65(4)
Operating 1.00(2) 0.97(3) 0.90(4) 1.14{1) G.81(5)
Risk 0.75(1) 0.75(1) 0.68(3) 0.69(2) & 0.56(4)
Economic 2.00(4) 2.20(3) 2.20(3) 4.00(1) . 3.60(2)
Figure .
Of HWerit 5.00(4) 5.16(3) 4.83(5) 6.88{1) 5.62(2)

*The number in parentheses is the compafative‘ranking

C.4 SENSITIVITY OF RATINGS

Because of the weight given to the economic assessment, it might be

~construed that the rating was slanted to give preference to the lowest cost

alternative. To test the validity (or lack‘thereof) of this hypothesis, a
series of calculations were completed which used three different weightings
by assessment area, varying the relative weights assigned to economics and
safety/rish. These weightings are shown in Table C-8, C-9, and C-10.

B
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TABLE C-8
SENSITIVITY ANALYSIS NO. 1, WEIGHTING FACTORS
FOR ASSESSMENT AREAS

Technical Assessment 0.25

‘ Operating Assessment 0.25

% Risk Assessment - 0.25

% Economic Assessment 0.25
TABLE C-9

SENSITIVITY AHALYSIS NO. 2, WEIGHTING FACTORS
FOR ASSESSMENT AREAS

. Technical Assessment 0 0.25

Operating Assessment - 0.20

o Risk Assessment 0.35
N ‘Economic Assessment 0.20
1.00

TABLE (-10
SENSITIVITY ANALYSIS NO. 3, WEIGHTING FACTORS
FOR )is\ssssmsm ARERS

Technical Assessment 0.25

Operating Assessment 0.20

T Risk Assessment 0.45
Fconomic Assessment g;lg

1.00



The rating values from Table C-6 were kept constant and the Figure
of Merit derived from the weighed values in Tables C-8, C-9, and C-10 are
shown in Tables C-11, C-12, and C-13. Alternative 3 remained the preferred
alternative in each or these analyses. ‘

TABLE C-11
SENSITIVITY ANALYSIS NO. 1
FIGURE OF MERIT SUMHARY*

Disassembly
Assessment Unmodified End Fitting Fission Gas and Pin Shearing and
Area Spent Fuel Removal Venting Storage Imnobilization
Technical 1.25(1) 1.24(2) 1.05(3) , 1.05(3) 0.65(4)
Operating 1.25(2) 1.22(3) 1.12(4) 1.44(0) 1.04(5)
Risk 1.25(1) 1.24(2) 1.12(4) 1.16(3) 0.93(5)
Economic 1.25(4) 1.38(3) -~ 1.38(3) 2.50(1) - 2.25(2)
Figure
Of Merit 5.00(3) 5.08(2) 4.67(5) 6.15(1) 4.87(4)

*The number in parentheses is the comparative ranking

AN
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Assessment Unmodified End Fitting Fission Gas

TABLE C-12
SENSITIVITY ANALYSIS NO. 2

FIGURE OF MERIT SUMMARY*

Disassembly
and Pin

Shearing and

Area Spent Fuel Removal Venting . Storage ) Immobilization
Technical 1.25(1) 1.24(2) 1.05(3) 1.05(3) _0.65(4)
Operating 1.00(2) 0.97(3) 0.90(4) 1.14(1) 0.81(5)
Risk 1.75(1) 1.72(2) 1.57(4) 1.61(3) 1.30(5)
Economic . 1.00(4) 1.10(3) 1.10(3) 2.00(1) 1.80(2)

Figure
Of Merit 5.00(3) 5.03(2) 4.62(4) 5.80{1) 4.5&(5)

*The number in parentheses is the comparative ranking

Assessment Unmodified End Fitting Fission Gas

TABLE C-13
SENSITIVITY ANALYSIS NO. 3

FIGURE OF MERIT SUMMARY*

Disasse.bly

Shear'ing and

*The number in parentheses is the comparative ranking
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and Pin 1
Area Spent Fuel Removal Venting Storage Immobilization
Technical 1.25(1)  1.24(2) 1.05(3) 1.05(3) 0.65(4)
Operating  1.00(2) 0.97(3) 0.?0(4) 1.15(1) 0.81(5)
Risk 2.25(1) 2.22(2) . 2.01(4) 2.08(3) 1.68(5)
Economic 0.50(4) - 0.55(3) 0.55(3) 1.00(1)‘} 0.90(2)
Figure ' .
© Of Merit 5.00(2) - 4.98(3) 4.51(4) 5.27(1) 4.04(5)
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APPFADIX D
EVALUATION OF FUEL PELLET DEGRADATION MECHANISMS
(Quoted in its entirety from Appendix A
to Hanford Engineering Development Laboratory

Report TC-1913,

ASSESSMENT OF SPENT FUEL WASTE FORM/STABILIZER )
\ ) ALTZRNATIVE FOR GEOLOGIC DISPOSAL, April 1981)
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APPENDIX D “
EVALUATION OF FUEL PELLET DEGRADATION MECHANISHS |

A. CHEMICAL CHANGES IN THE FUEL

Previous studies (D1,D2) of possible mechanisms of .ue] dcqwgd twon?
" have not been able to identify any chemical mechanxsms whlch could ‘cause

significant degradation of the fuel mater1a1 as long as the cladd1ng remains

intact. It is expected that chemical compounds formed durxng irradiation will”

remain essentially unchanged at the much lower temperatures in pool stovagﬂ or
repos1tory A

The only effect which would be expected to alter the chemicel state
significantly over a period of time is the.decay of flss1on products into
other chqn1€ﬁ] species. It is evident from the rapid docvease in decay heat
during the first few years (D3} that muca of the degradation from this source

would occur during the initial c001119 period due to rrlatively short- lived

radionuciides. Metallographic examinations of .ntact spent fuel after up to
&1 years of pool storage have disclosed no noticeable degradation of the fyel
(D4,D5). Damage in a repository (after pool storage) would have to be due to”

the daughters of long-lived radionuclides. The quantities of such fission
products are generally small and they tend to decay into chemically similar
elements (D6). Most fission products, being neutron rich, decay . by

B emission thereby 1nc1eas1ng their atomic number by one. Thus, for the most

p art, ' _ G

a) Oxide former% decay into oxide formers
b) Noble metals decay into other noble metals
c) Reactive metals decay into Gther reactive metals

Exceptions to this aﬁe decays involving the ineri gases.

g5, —B g5

‘kr 10.76 y Rb

and ;
129I ;____E__.__ 129
1.7 x 10 y

Based on half-life conSIderat'ons, only the decay of 85Kr is of. any concern.

Xe
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Probably the ost important exceptxon to the above argunent is »

137Cs which decays to stable 137Ba with a half-life of 30 years. Cesium is

monovalent while barium is divalent indicating that this process will have a
chemical effect since there is a high in-reactor yield of the highly mobile Cs

> nuclide. For example, if Cs is present as Csl the expected change will be

2 Csl — Ba12-+ Ba. The free Ba will remain as a metal or act as a getter for

nxygen or any other avallable atom. In ten year 0ld fuel, 1’7Cs is present atl

a concentration- of about 0.15 atom percent of heavy metal in PR fuel

irradiated to 307 000 MND/MTU and. about 0.10 atom percent in BWR fuel
irradiated to 20, 000 MUD/MTU (D8). ~ This may increase near the pellet outer
surface (D9) since cesiui tends to migrate down the temperature gradient.

Essentially all of the 137Cs 1n1t1a]1y present will decay_to barium during the"

. 1,000 year thermal period and the magnitude of  the effect as a fuel

degradation mechan1sm lc\unc1ear It should be noted, however, that about 21

percent of the 13765 1n1t1a\1y present decays during the first 10 years of

.pool storage, and as previpusly mentioned, examinations have disclosed no

evidence of change indicating that the effect IS probab]y minor. These
metallographic examlnattons however, werg d1rected maanly at 1nvest1qat1on

- of cladding degradation. More detailed expcr]mental ‘studies of spent fuel

vhich are occurr1ng in spent fuel.

are, thernfore needed in order to reliably assess chemical changes, if any,

=

@

B. VOLATILE FISSION PRODUCT MIGRATION

«  Significant migration of volatile fission products within the fue)
could cause a decrease in resistance of the fuel to attack by a leachant if
the Vb]ati]es accumulate near the outer”edée of the fuel. Migration of
vo1atwle fission products as a function of temperature was extensively
investigated by Cupicciotti (D9,D10) who found that xnlgrat1o1 rates were
extremely sensitive toc temperature. He deduced the existence of a threshold
for migration of volatile solids at a fuel :center ‘temperature of 1000C, and
reported a‘'thresholid for release from the fuel at a centerline temperature of -

:épprox1mate1y 1400C. 'Behavior of the vo]at11e fission products as a fu~ction

of burnup-and fue]l center temperature is shown schematically in Figure D1
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(from reference D9). The reason four the sensitivity of migration rate to
temperature can be apﬁréciated by examining Figure 02, which shows
approximate vapor pressure as a function of temperature for'the important
- group of vo]ati1e solid fission products including CsI, RbI, CsBr, RbBr,
CszTe, and CsZSe. As can be seen,. the vapor pressure rapidly becomes
vanishingly small at temperatures much below 1000C. The vapor pressure at
400C is about 6-1/2 orders of magnitude below that at the redistribution
threshold which, along with the relatively insignificant temperature gradient
across the fuel in repository (see Section E), renders vapor transport of
these volatile fission products virtually inoperative.

C. GAS DIFFUSION

The principal fission gases produced in LWR fuel are Kr and Xe with
Xe predominating at about 90 atom percent of gas produced (D8). These gases
are produced'in the fuel matrix during in-core irradiation and at temperatures
above about half the absolute melting temperature begin to form gaseous
precipitates (012). These precipitates contain a few to several hundred
vacancies per gas atom. They tend to grow into bubbles by co]]ecting
additional gas atoms and vacancies, but can also be destroyed by a thermal
spike from a nearby fission event. An equilibrium condition is established
between gas in-bubbles and in-solution within the fuel grain (D13,D014,D15).
Baker (D16) calculated the fraction of total gas generated residing in the
intragranﬁaT:bubbles by measurihg bubble diameters and densities in fuel
“between 950C and 1800C.  Results indicated the fraction of gas in
intragranu]ar bubbles to be about ZO‘Bercent up to 1400C and then increasing
to about 40 percent above 1600C. The gas in solution diffuses to form bubbles
at the grain boundaries which gradually increase in size -and density until
interconnection occurs and gas begins venting to the free volume of the pin.
This interconnection of intergranular pdrosity by means of grain-edge
tunnels is usually. well developed at 1less than 1 atom percent burnup

(p9,D17,D18,019).-
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Although gas diffusion will be a sloy p:ZEESsiht the relatively low
temperatures expected in a repository, it is expected that some gas will
diffuse out of the grains over a long period of time and could conceivab]y
accumulate at any unvented intergranular “porosity possibly leading to

weakening of the grain boundaries.
Q

Diﬁfusion of.xenon out of sintered UO2 at low temperatures has been
experimentally studied by Taketani and Ikawa between 400C and 800C (D20).
They found the effective diffusion coefficient to undergo a transition at
about 600C as shown in Figure D3. Below the transition temperatufe effective
diffusion coefficient can be represented by: P

3
m2,_ -22 4.003 x 107 (1)
D(5")= 2.54 x 10 exp[— —__T_(—K)] ;
This diffusion coefficient has been used in our assessment since it is a
conservative upper bound on th2 data extrapolated from higher temperature
measurements C9 (see Figure D3). Extrapolating to repository temperatures
produces very Tlow estimates for the diffusion coefficient as shown in

[T

Figure D4.

Total gas release fractions have been estimated for an equivalent
spherical grain after 1,000 years at various constant temperatures. The
calculations were based on simple diffusion of the gas in solution in the
grain and took no credit for the presence of intragranular bubbles as trappiny

centers. A fundamental mode concentration profile within the grain was

assumed at the beginning of the repository period, and the grain surface was
conser vatively assumed to be a perfect sink. The resulting release fraction
estimates are shown in Figure D5 for the typical range of grain sizes in LWR
Fuel (D13). As would be expected, the release fraction increases very rapidly
above 500C, and after 1,000 years at 800C, nearly all the gas has either left
solution, or reached equilibrium with the internal pressure of the'pin. It

should be’ noted that the temperatures shown in Figure D5 are assumed to be

constant over the thermal périod (first 1,000 years).
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D. RADIATION DAMAGE

The effects of radiation damage in single crystal U0, (analogous to
individual grains) at low temperatures (less than 400C) and relatively high
exposures were investigated by Bates, et al (D21). They found UO2 to be
extremely resistant to radiation damage with a total exposure of
1.44 x 1020 f/cm3 producing a lattice strain of about 0.024 percent and only
"subtle and minute" changes in microstructure along with some hardening. This
exposure is equivalent to a total energy deposition of about 4.6 x 10 J/cm3
compared to a_ conservatively estimated deposition rate of about
3.2 x 106 J/cm3 per year for typical PWR fuel only one year old (D3).
According to lower exposure data reviewad by Lustman, (D22) the lattice strain
appears to pass through a maximum of about 0.16 percent at an exposure of
about 5 x ]016 f/cm3 with the damage annealing out above this exposure
(D21,022). The maximum lattice strain of 0.16 percent is comparable to the
effect of a solution of about 7 percent Th02 indicating that the changes in
observed properties would be expected to be minor and, in addition, appear to
anneal rapidly at temperatures above 200C (D22,D23). These data are based on
irradiation of UO2 in a reactor at low temperatures. Most of the damage is
due to fission fragments which are much more disruptive than, for example,
atom recoil or alpha emission processes. - Damage associated with in reactor,
low temperature irradiation can therefore be considered an upper limit on the
damage due to the less disruptive processes associated with radiocactive
decay. The UO2 strbcture is, therefore, not expected to change significantly
due to self-radiation while in repository.

E. THERMAL AND MECHANICAL FRAGMENTATION

Fragmentation of the fuel beyond the extent existing at end of
irradiatjon would have the effects of 1ncreas1ng the surtace area available to
a leachant® and providing access to prev1ously 1so]ated fission product phases
within the 1uel
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The total fuel pellet centerline to surface temperature drop was
calculated for typical LWR fuel as a function of fuel age and temperature

ﬂwus1ng power levels and fuel thermal conductivities. shown in Tables DI and D?

assuming a pellet radius of 0.5 cm (D24). The resulting temperature drops are
very small even for freshly irradiated fuel as shown in Figure D6. A thermal
stress analysis by Bosi (D26) indicates the minimum temperature drop to
fracture an intact pellet (worst case) to be approximately 66C. The thermal
stresses due to shocks and gradients are far more severe during reactor
transients and shutdown (when the fuel actually fragments) than during time in
puol storage or repository. The fuel is, therefore, not expected to suffer
any additional fragmentation due to thermal effects during geologic
disposal. /: '

The possibility of fuel degradation due to mechanical shock during
handling and geologic disposal was assessed by Bosi (D26). He considered a
peak transportation shock loading to consist of a half sine wave pulse with
a duration ot 0.059 msec peaking at 2.9 g acceleration (D27). Application
of this loading to intact pellets (worst case) in cladding produced contact
stresses " of approximately 1317 psi and 1390 psi for PWR and BWR fuel,
Eéspective]y, which are well below the fracture strength of approximately
11.5 ksi at zero degree Celsius. Since for closely fitting nested cylinders
the contact stress varies with the ¢pplied force to the 1/2 power {D28), it
would require about 68 times the postulated maximum ioading to fracture a
pellet. ‘ ' '

In order to determine the seismic loading force, Bosi (D26)

. surveyed the data on siesmicity in deep geologic formations and adopted a

peak acceleration of 0.25 g with a frequency of 3 Hz based on a Mercalli
infensity of 7.5 and a mean distance from the causitive fault of 15 miles.
Since expected seismic shock loadings are far less than those due to
handling and transportation (barring physical disruption of the pin) further
fracturing of the fuel due to seismic effects is not expected.
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TABLE D1

DECAY POWER FOR PWR FUEL (3.3% ENRICHED, 37.3 MW/MTU, 33 MWD/kgqll) (D3)

FUEL AGE

10d
180d
lyr
Syr
10yr

;
4

DECAY POWER (kW/MTU) -

Y

87
19
11

2

7

TABLE D2

Q

HEAT SOURCE @ 92% TD (w/cm

3

)

THERMAL CONDUCTIVITY OF UO,AT 92% T.D.(D25)

Temperature C

50
100
200
300
400
500
600
700
800
Y00

1000

212

k (w/cm C)
- 0.070

0.064
©0.055
0.048
0.043
0.039
0.035
0.032
0.030
0.028
0.026

0.88
0.19
0.11
0.02
0.01

iv
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APPENDIX E
ANALYSIS OF PACKAGE PARAMETERS AND COST OF REFERENCE FROCESS
INCREASED CANISTER LOADIY

The ‘'economic analyses of the Reference Process and the alternatives
revealed tha> a high percentage of the cost was due to the packagp costs,
specifically the titanium and Inconel requirement, giving nlternat1ves 3 and
4 significant advantage. Add1t1onally, -the operating assnssmnnt showed
considerable advantage for A]ternat1ve 3 because of the reduced number of
packages for handling and emplacement following canistering. An analysis was
done of -the incremental packdge costs considering the Reference Process
(unmodified spent fuel) loaded at the  same fuel volume per canister as

Alternative 3.

In order to accommodate 3 PR assemblies or 8 BYR assemblies in one
canister, it was determined that a canister of 24.25 inches outside diameter
would be required. This is outside the bounds of thélnaxiuum 18- inch diameter
canister specified for this study. The operating 1mpacts of the larger

diameter canister were not assessed. However, if it proved feasibie from an -

-operational viewpoint, “increased canister Toading would have the advantége of
decreasing the package costs per assembly by $36,610 and $24,530 for PWR and
BWR loadings, respectively. Over the life of the repository, the redu‘t1on in
packag1ng cost over the Reference Process would be $7. 64 killion. '

The following Tables E-1 through E-4 show the quantities and costs
of package requirements for increased loading of the Reference Process
canister. ’
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TABLE E-1
SPENT FUEL PACKAGE PARAMETERS

Canister Description
Outside Diameter (in.)
Wall Thickness (in.)
Length (in.)
Assemblies Contained

. Heat Load/Canister (kW)

Number Canisters/yr

Package Description

Liner Outside Diameter (in.)
Wall Thickness (in.)

Liner Length (in.)
Excavation'Required (ft3)

Size Reduction from
Reference Process Package (ft

3
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PWR
24.25
0.25
176 .9

1.59
2,100

30.25

237 .5
356.6
-122.8

BWR

24.25
0.25
193.1

1.52
1,113

30.25

253.7
378.3
-130.3

7
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TABLE E<2

SPENT FUEL PACKAGE REQUIREMENTS (INDIVIDUAL)

Description
TiCode Canister

Volume of TiCode-12
(ft3/canister)

Weight of TiCode-12 (1b)
Cost/Canister ($)
Canister Cost/Assembly ($)

Canister Cost Reduction from
Reference Process Canister ($/canister)

Canister Cost Reduction from i
Reference Process Canister ($/assembly)

Inconel Liner

Volume of Inconel 600
(ft3/canister)

.- Weight of Inconel 600

(1b/Yiner)
Cost/Liner ($)
Liner Cost/Assembly ($)

Liner Cost Reduction from
Reference Process ($/1iner)

Liner Cost Reduction from

“Reference Process ($/assembly)

Totals
Canister and Liner Cost (%)

5
Canister and Liner Cost/Assemé]y
($/assembly)

Cost Reduction per Canister and

" Liner from Reference Process ($/package)

Cost Reduction pcr Assembly from
Reference Process {5/assembly)
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PWR
1.95

- 548
20,930
6,980
-6,100

!v/

7,850

14.06

7,452

91,390
30,460
-32,170

28,760

112,320
37,440

-38,270

36,610

_BR
2.12

596
22,850
2,860
-6,600

5,270

14.92
7,908

95,980
12,120
-34,120.

19,310

119,830
14,980

-40,720

24,580

(-
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ACRES AMERICAN INC
A5 BURGESS
R STRUBIE
AERQSPACE CORP
PLTER | ALENANDRO
LAWRENCE P ROESCHL PHD,
BARRETT R FRITZ
ALABAMA DEPY OF ENFRGY
CAMIRON MUDONALD
ALABAMA STATE GEOLOGICAL SURVEY
THORNTON | NTATHIRY
AMARILLO PUBLIC LIBRARY
AMERICAN EMBASSY - SWEDEN
ANALYSIS AND TECHNOLOGY INC
1 MAZOLR
APPLIED MECHANICS INC
GRAHAM G MUSTOR
ARGONNE NATIONAL LABORATORY
DAVID F TENSTER
DOUGEAS T, HANMBIEY
WAMAN HARRISON
1 HOWARD N1 TH
NMARINSHITY
MARTIN L STINDUER
ARINU RESEARCH CORP
HL P HIMPLER
ARIZONA PUBLIC SERVICE COMPAISY
CHENRY W ORITY, IR, :
ARKANSAS GEOLOGICAL COMMISSION
NORMAN £ ATTAAN S
ARTHUR D, LITTLE INC
AVIVA BRICHTER
CHARLES R HADIOCK
ATKINS RESEARCH & DEVELOPMENT - UNITED
KINGDOM
1. W BROVD
ATOMIC ENFRGY CONSULTANTS
DONALD G ANDERSON -
ATOMIC ENERGY OF CANADA LTD
1 CHAN
ANN QUINS
PP SARGENT
ATOMIC ENERGY RESEARCH §STABLISHMENT
« UNITED KINGDOM
D P HODGRINSON
ATOMIC INDUSTRIAL FORUM INC
EMANUTE GORDON
AUSTRALIAN ATOMIC ENERGY COMMISSION
BABCOCK & WILCOX
CLARK NTISON
BATTELLF COLUMBUS DIVISION
SANTORD Gl OO
JOUN T MCGINNIS
JUEREY L. MEANS
NEHIE T MHIER
STEPHIEN NI OLOS
KENNTTH R YATES
BE INC
K. 1 ANDERSON
BECHTEL GROUP INC
TOM 8. BAIR
DON B, CRANDA{L
TS| JARDRSH,,
R CHTOVINGION'
1 K SMONGAN
GERAMD L PALAL
1, YOU NG PARR
RICHARD ). TOSLITE
BELGISCHE GEOLOGISCHE DIENST - BELGIUM
NOEEVANDENBERCGHI

DISTRIBUTION LIST

BENDIX FIELD ENGINEERING CORP
MICHAEL HLNOBEHEY
JOHN C.PACER
BERKELEY GEOSCIENCES/HYDROTECHNIQUE
ASSOCIATES
BRIAN RANEHIRO
BHABHA ATOMIC RESEARCH CENTRE - INDIA
VOSURUMORAN
AT THOMAS
BILOXI PUBLIC LIBRARY
BIACK & VEATCH
MUOJOHN ROBINSON
BOEING ENGINEERING AN CONSTRUCTION
COMPANY
R B CAIRNS
BRENK SYSTEMPLANUNG - W. GERMANY
H. O BRENK
BRIGHAM YOUNG UNIVERSITY
HAROID B, 1HE HBRARY
MILEIAM ML TIMMINS
BROOKHAVEN NATIONAL LABORATORY
AMOS DAVES
AV LY
CLAUDIO PESCATORLE
PLIER OO
HELEN TODOSOW ()
BROOME COMMUNITY COLLEGE
BRUCEOIDOIRLD
BUNDESANSTALT FUR GEOWISSENSCHAFTEN
UND ROUSTOFFE - W, GERMANY
MICHATL TANGER
HEEMUD VENZEATE
BUNDESMINISTERIUM FUR FORSCHUNG UND
TECHNOLOGIE - W, GERMANY
ROVE-PEIIR RANID
BURNS AND ROE INDUSTRIAL SERVICES CORP
JOHN PIRRO :
BUTTES GAS & OIL COMPANY
nOBIRT NORMAN
C.EH.F,
BH DGESING
CALITORNIA ASSEMBLY COMMITTLE ON
NATURAL RESOURCES
GENE VARANING
CALIFORNIA DEPT OF CONSERVATION
PERRY AMINMITO
CAPITAL AREA GROUND WATIR
CONSERVATION COMMISSION
AN TURCAN, R
CAYUGA LAKE CONSERVATION
ASSOCIATION INC
DS RIHER
CELSIUS ENERGY COMPANY
NICK 1HO
CENTER FOR ENVIRONMENTAL
INFORMATION INC
TREDERICK W, STOSS
CINTER FOR INTERDISCIPLINARY STUDIES
DAVID MARMSIRONG
CHALMERS UNIVERSITY OF TECHNOLOGY -
SWEDEN
BERD AHARD
CHEVRON OIL FIELD RESEARCH COMPANY
BIORN PALLISSON
CITIZENS INSTITUTE FOR A POSITIVE ENFRGY
roucy
LINDSAY AUIIN

CITY OF MONTICELLO
KICHARD TERRY

CLEVELAND ELECTRIC ILLUMINATING
COMPANY
PALT G RLANN
CLIFFS ENGINEERING INC
GARY 1), AHO
COLORADO GEOLOGICAL SURVEY
JOHNAW. ROLD
COLORADO OUTWARD BOUND SCHOOL
DAVID L. BURGER
PETER ANTHONY ONEN
COLORADO SCHOOL OF MINES
W, HUSTRUID
COMMISSION OF THE EUROPEAN
COMMUNITIES
ALDO CRICCHIO
CONGRESSIONAL INFORMATION SERVICE
UINDUHLY C. MCGRIEW
LONNECTICU'T DEPT OF ENVIRONMENTAL
PROTECTION
REVIN MCCARTHY
CONNECTICUT STATE DEPARTMENT OF
HEALTH SERVICES
MARGERY A, CONEN
CONROY ENGINEERING
PETER € ONROY
CONTINENTAL GROUP INC
GIORGE F. ROLLEND
COPPE/UFR)
LUIZ OLIVEIRA
CORNELL UNIVERSITY
ARTHGR [ BLOOM
CORTLAND COUNTY HEALTH DEPT
)V TEUSS
DAMES & MOORE
RON KEAR
DAN L. WARD INC
DAN L WARD
DAPPOLONIA CONSUIL TING ENGINEERS INC
11SA K. DONOU
ARBY TORRISI
AMINA HANIDY
CARIE. SCHUBERT
DAWCON MANAGEMENT CONSULTING
SERVICE
DAVID A, WHISHER
DEAF SMITH COUNTY LIBRARY
DELAWARE CUSTOM MATERIEL INC
HOWARD NOVITCH
DEPT OF ENERGY, MINFS ANID RESOURCES -
CANADA
A8 UDGE
DESERET NEWS
GORDON WHITE
DYNATECH R/D COMPANY
STEMHEN E. SARTH
EJ. DU PONT DE NEMOURS & CO
1. 1. FURNO
£.L.H, PUBLICATIONS - THE RADIOACTIVE
EXCHANGE
MEEMINSKT & WHKIN
£.R. JOHNSON ASSOCIATES INC
1. R, JOHNSON
G 1L JONNSON
EALCORP . .
LEON VEVINTHAL
EARTH SG!ENCE AND ENGINEERING INC
10U BIANCK
FAST COMPANY INC
RAYMOND PERE /
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EAST TENNESSEE STATE UNIVERSITY
ALBERTF. IGLAR
VAY A, RODMAN
EBASCO SERVICES INC
ZUBAIR SALEEM
RAYMOND H. SHUM
ECOLOGY CENTER OF LOUISIANA
ROSS VINCENT
EDISON ELECTRIC INSTITUTE
R. 1. 1. STANFORD
£0S NUCLEAR INC
C. SUNDARARAJAN
£G & G IDAHO INC
ROBERT 84, NFHLSON, JR.
HIDG INSTITUT FUER REAKTORFORSCHUNG -
SWITZERLAND
BIBLIOTHEK
ELECTRIC POWER RESEARCH INSTITUTE
CHAIN BRAUN
ELEKTRIZITAETS-GES. LAUFENBURG -
SWITZERLAND
1. N PATAK
ELSAM - DENMARK
AV, JOSNI
ARNE PEDERSEN
ENERCOR INC
JOHN RODOSEVICH
ENERGY FUELS NUCLEAR INC
GEORGE A. JONI'S
DON M. PILLMORI
ENERGY RESEARCH GROUP INC
MARC GOLDSMITH
ENGINEERS INTERNATIONAL INC
V. RAJARAM
ENVIROLOGIC SYSTEMS INC
JIM V. ROUSE
ENVIRONMENT CANADA
. CLAUDE BARRAUD
ENVIRONMENTAL POLICY INSTITURE
DAVID M. BERICK
ENVIROSPHERE COMPANY
ROGER G. ANDERSON
K. 1. LIND-HOWL
EXXON NUCLEAR IDAHO COMPANY INC
NATHAN A. CHIPMAN
ROGIR N. HENRY
GARY WAYMIRE
FENIX & SCISSON INC
JOSE A, MACHADO
CHARLENE U. SPARKMAN
FERRIS STATE COLLEGE
MICHAEL L. ELLS
FLORIDA DEPT OF ENVIRONMENTAL
REGULATION
HAMILTON OVIN
FLORIDA INSTITUTE OF TECHNOLOGY
JOSEPH A, ANGILD, JR.
FLORIDA POWER & LIGHT COMPANY
JAMES R. TOMONTO
FLORIDA STATE UNIVERSITY
JOSEPH F. DONOGHUE
FLUOR ENGINEERS & CONSTRUCTORS INC
VINCENT J. KAVLICK
THOMAS O. MALLONEE, |R.
ADELL PITTS
FORD, BACON & DAVISINC
ROBERT . BAIRD
ROBERT F. OVERMYER
BURTON |. THAMER
FOSTER-MILLER ASSOCIATES INC
NORBERT PAAS

FOUR CORNERS COMMUNITY MENTAL
HEALTH CENTER
BOB GREENBIRG
FREIE UNIVERSITAET BERLIN
HANSKARL BRUEHL
FRIENDS OF THE EARTH
GORDON ANDERSON
JEAN BROCKLEBANK
RENEL PARSONS
FUTURE RESOURCES ASSOCIATES INC.
ROBIRT ). BUDNITZ
FW ENERGY APPLICATIONS INC
Q. BARRAITI .
GABIE BETTS BURTON MEMORIAL LIBRARY
GENERAL ATOMIC COAIPANY
ROBERT M. BURGOYNE
MICHAEL STAMATITATOS
GENFRAL COURT OF MASSACHUSETTS
TIMOTHY |. BURKE
GEO/RESOURCE CONSULTANTS INC
ALVIN K. JOL, IR,
GEOLOGICAL SURVEY OF NORWAY
SIGURD HIUAEBY N
GEORGIA INSTITUTE OF TECHNOIOUY
MITVIN W CARTER '
GLOFEREY G HCHNOZ
ALERED SCHNEIDEP,
CHARLES | WEAVER
GEOSTOCK - FRANCE
R. BARLIIR
GEOTECHNICAL ENGINEERS INC
RONALD C.HIRSCHEEL D
GEOTHERMAL ENERGY INSTITUTE
DONALD |, X FINN
GEOTRANS
JANES MERCLR
GESELLSCHAFT F, STRAMLEN U.
UMWELTFORSCHUNG M.B.H. - W.
GERMANY
WOLIGANG BODE
HANS WL LN
H. MOSER
GILBERT/COMMONWEALTH
JERRY L. LIS
GOLDER ASSOCIATES
DONATD M. CALDWEL
MELISSA MATSON
1AV, VOSS
GOLDER ASSOCIATES - CANADA
CLEMENT ALK, YUIN
GRAND COUNTY HIGH SCHOOL LIBRARY
GRAND COUNTY PUBLIC LIBRARY -
GRAND JUNCTION SENTINEL
GARY SCHMITZ
GREAT LAKES ENVIORMENTAL STUDY
CENTERS
DOUGLAS R. ZULIO
GRIMCO )
" DONALD H. KUPFER
GSE NUCLEAR
MOHSEN NIROOMAND-RAI
GTC GEOLOGIC TESTING CONSULTANTS LD -
CANADA
JOHN F. PICKENS

GULF INTERSTATE ENGINEERING

THOMAS ). HILL

GULF STATES UTILITIES COMPANY
£. LINN DRAPER

GUSTAVSON ASSOCIATES
RICHARD M. WINAR

H & R TECHNICAL ASSOCIATES INC
WILLIAM R, RHYNI
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H-TECH LABORATORIES INC
BRUCE HARTENBAUM
HAHN-MEITNER-INSTITUT FUR
KERNFORSCHUNG BERLIN
KEAUS FCKART MAASS
HALEY AND ALDRICH INC
IANICE HIGHT
HAMILTON COLLEGE
DAVID K. SANTNH
HANFORD ENGINEERING DEVELOPMENT
LABORATORY
ROBGIRTHINZ. kR
R KNEFOMIT
W, . ROARI
HARVARD UNIVERSHTY
CHAREES W BURNHAM
RAYATOND SIUVER
HATTIESBURG PUBLIC LIBRARY
HIGH COUNTRY CITIZENS ALLIANCE
DON BACHMAN
HIGH PLAINS UNDERGROUND WATER
DISTRICT
TROY SUBELTT
1IGH PLAINS WATER DISTRICY
DON MCREYNOLDS
DON D SN
HITACHI WORKS, HITACHI LTD
MAKOTO KIKGCTH
HOUGH-NORWOOD HEALTH CARE CENTER
GLORGE H. BROWN, AL.0),
ILLINOIS DEPT OF NUCLEAR SAFETY
A TON ZUKOR
ILLINOIS STATE GEOLOGICAL SURVEY
KERQS CARIWRIGH!
MORRIS W. THGHTON
IMPLRIAL COLLEGE OF SCIENCE AND
TECHNOLOGY - ENGLAND
B K. ATKINSON
INIMANA GIOLOGICAL SURVEY
MAURICE BIGGS
INSTITUT FUR TIEFLAGERUNG - W, GERMANY
WERNT BRIWITZ
H.GIS
KEAUS KUGHN
LR SOLTIR
INSTITUTE FOR CHEMICAL TECHNOLOGY - W,
GERMANY
REINHARD ODO)
INSTITUTE OF PLASMA PHYSICS
H. AMANO
INTER/FACE ASSOCIATES INC
RON GINGIRICH :
INTERA ENVIRONMENTAL CONSULTANTS INC
L PEARSON, IR,
LAKRY RICRERTSEN
ROBERT WILEMS
INTERMOLNTAIN RADIO NETWORK
PRI SCHMALCK
INTERNATIONAL ATOMIC ENERGY AGENCY -
AUSTRIA )
FRANK A, OHARA
INTERNATIONAL ENERGY ASSOCIATES LTD .
BLYTHIE R, LYONS
INTERNATIONAL ENGINEERING COMPANY
INC
MAN ZASLAWSKY
INTERNATIONAL RESEARCH AND
EVALUATION
R. DANFORD
INTERNATIONAL SALT COMPANY
LEWIS P, BUSH
1OWA STATE UNIVERSITY
MARTIN C. [DELSON
BERNARD 1. SPINRAD



IRT CORP
1. STONIS
ISMES - 1TALY .
. GERA
J.L. PAAGRUDER & ASSOCIATES
1 1. MAGRUDER
JACKSON STATE UNIVERSITY
ESIUS SMETH
JACKSON-GEORGE REGIONAL LIBRARY
JACOBY & COMPANY
CHAREES HLJACORY
JAY L. SMITH COMPANY INC
INY L S\IH
JGC CORPORATION - JAPAN
MASAHIKO ATAKING
JOHNS HOPKINS UNIVERSITY
JAREDY L COHON
JOINT STUDY COMMITTEE ON ENERGY
T WO EDWARDS, IR,
JONES COUNTY JUNIOR COLLEGE LIBRARY
KAISER ENGINEERS INC
W1 DODSON
HoLUTHN
KALAMAZOO COLLEGE
RALPHE AL DEAL
KANSAS DEPT OF HEALTH AND
FNVIRONMENT
GERATD W ALLEN
KANSAS STATE GEOLOGICAL SURVEY
WHHAN W HANBILETON
KARNBRANSLESAKERHET - SWEDEN
LARS 3. NIESSON
KCPX RADIO
JOL L
KELLER WREATH ASSOCIATES
TRANK WREATH
KERNFORSCHUNGSZENTRUM KARLSRUHE
GMBH - W, GERMANY ’
KD CLOSS
ONOISTER
KERNFORSCHUNGSZENTRUM UND
UNIVERSITAT
GERHARD ONDRACIA
KIFRSCH ASSOCIATES
GEOSCIENCIS/RESOURCES CONSULTANTS
INC
GEORGE A RIERSCIEPHD.
KIHN ASSOCIATES
HARRY KINN
KLM ENGINEFRING INC
B GEORGE ANIAZIWYC 7
KOREA INSTITUTL OF ENERGY AND
RESOURCES (KIER)
CHOO SFUNG TIWAN
CHONG SU RIM
KSe.v
P.O. BON555%
KSOP RADIO
INCE JACOBSEN
KURA
LESHIE SO
KUTA RADIO
KUTV.TV
ROD DICKER
KUTZ-TV NEWSWATCH 2
MICHAR GOIDINN
KYOTO UNIVERSITY - JAPAN
YORITERLANOL
LAKE SUPERIOR REGION RADIOACTIVE
WASTE PROJECT
. DINON
LAWRENCE BERKELEY LABORATORY

JOUN A, APPS
TUGENE BINNATL
AL S RING
CHIN FL TSANG
1. WANG
LAWRENCE LIVERMORE NATIONAL
LABORATORY
LYNDIN B BALTOU
DAL H. CHUNG
EDNA ML DI
HUGH HEARD
DONALD D, JACKSON
THOMAS E. MOKONE
WHIAM | OCONSH
FAWRENCT 1. RANMSPOTT ()
WG SLICHIE
FECHNICAL INFORMATION DEPARIMENT
{54
RICHARD VAN KONYNENBURGG
TESSEL YOO IR
LEHIGH UNIVERSITY
DR SIMPSON
LIHRARY OF MICHIGAN
RICHARD | HATHAW AY
LOCKHEEE ENGINEERING & MANAGEMENT
COMPANY
STEVE NACHT
LOS ALAMOS NATIONAL LABORATORY
P 1 BUSSOLINE
1 GUHONIER, IR,
WAYNE RHANSEN
CUALDE HERRICK
WO MYRS
[SENENLTEY
ROBERTE. RILCRER
LOS ALAMOS TECHNICAL ASSOCIATES INC
R. 1. RINGSBLIRY
LOUISIANA DEPT OF NATURAL RESOURCES
BN ORIER .
LOUISIANA DEFT OF TRANSPORTATION &
DEVELOPMENT
GHORGE ML CRAMIER, H
LOUISIANA GEOLOGICAL SURVEY
PLGGY ROONEY AUTIN
RENWICK P, DIV
SYHD HAQUI
LOUISIANA STATE UNIVERSITY
JIMMIE H HOOVIR
JOSERNE DIDIER MARTING 2
LOUISIANA TECHNICAL UNIVERSITY
LIBRARY -
R. 1. THONMPSON
LOWENBERG ASSOCIATES
HOMIR TOWINBERC
LUBBOCK COUNTY SOIL AND WATER
CONSERVATION DISTRICT
DONTANGSTON -
M.). OCONNOR & ASSOCIATES LTD
AL L OCONNOR )
MAINE BUREAU OF HEALTH
DONALD €. HOXH
MARTIN MARIETTA AEROSPACE - DENVER
DIVISION
RICHARD BISSIGGER
MARYLAND DEPT OF HEALTH & MENTAL
HYGIENE
MAN T 15 NBERG
MASSACHUSETTS DEPT OF ENVIRONMENTAL
QUALITY ENGINEERING
JOSEPH AL SINNOT T
MASSACHUSETTS HOUSE OF
REPRESENTATIVES
WILHAM ROBINSON
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MASSACHUSEYTS INSTITUTE OF
TECHNOLOGY
JOHN DEUTCH
LD GREENWOOD
RICHARD K LESTER
MARSHA LEVINE
MCDERMOTT INTERNATIONAL
KAREN L. FURLOW
MCMASTER UNIVERSITY - CANADA
LW SHEMILT
MELLEN GEOLOGICAL ASSOCIATES INC
FREDERIC F. MELLEN
MEMBERS OF THE GENERAL PUBLIC
1. ROBERT ANDIRSON
KURT BALEING
BRIT BLOSSER
JAMES BOYD
THOMAS G. BRADI ORD
ROGER H. BROOKS
BRUCE A, BYERS
HAZEL CHAPNMAN, PH.D.
TAWRENCE CHASE, PILD.
TOM & SUSAN CLAWSON
STEVE CONEWAY
MARSHALL CROMWIEL
M VAL DALTON
NNNETH & ALICE ML DROGIN
ROBIRT DUDIK
CHARLES S DUNN
AN LARDIEY
THAUMAS P, (HR
WARRIN EISTTR
AMICHAIL A FATIA
BRUCE GABOW
CARL A, GIESE -
SHIRLEY M GIFFORD
MICHALL | GBIRT
SHVE & SUF GHSDORS
DARYL GEAMANN
LDY € GOTTH
HARRY 13, OO
OSWALD H. GREAGER
DOUGEAS 11 GREENTEE
KENNETH GUSCOT
A ML HALL
DOROTHY U, HARDING
DAVID AV, JOHNSON
CRAIG W, JONTS
JOSEPH KEYSIR
SCOTT KRAMER
LINDA LEHMAN
W. D, MCDOUGAID
MAX MCDOWE L
I AMEADOWS
A ALAN MOGHISS
BARBARA MORRA
THEA NORDLING
L. WILLARD ORTON
CAROLINE PETT)
TOM & MARY RS
PLIER ). SABATING, IR,
JOANNE SAVOI
OWIN SIVERANCH
PALL SHEWMON
HARRY W. SMEDES
DANIFL A, SAITN
PATRICIA SNYDIER
PoLL STRALEY-GREGA
MARGUIRITE SWEENTY
M.} SZULINSK)
RAYMOND G. 1AYIOR



s RS Y Mredos AR devmens e 5wl P AT S

o T E R ERReSSAoREium I W Vs a2 8 e N e sl ek @t ey annd ol Sed L

W. VON BLACK
- GARY WAGNER
BILL WALSH
MARTIN & ELAINE WALTER
AL E. WASSERBACH
JIMNY L WHITE
RICHARD [ WILLIS
LINDA WIHTKOPE
SUSAN WOOLLEY
STEPHEN G. ZEMBA
MICHAEL BAKER, JR. INC
C. ). TOUHILL
MICHIGAN CENTER FOR ENYIRONMENTAL
HEALTH SCIENCES
JOHN L. HESSE
MICHIGAN DEPT OF NATURAL RESOURCES
DANL REED
R. THOMAS SEGALL
MICHIGAN DEPT OF PUBLIC HFALTH
GEORGE W, BRUCHNMANN
FRIC SCHWING
MICHIGAN ENVIRONMENTAL PROTECTION
COMMITILE
DAVE CHAPMAN
MICHIGAN STATE UNIVERSITY
WILLIAN C. TAYLOR
MINNESOTA DEPT OF ENERGY AND
DEVELOPMENT = ¢
MINNESOTA DEPT OF HEALTH
ALICE T. DOLEZAL HENNIGAN
MINNESOTA ENVIRONMENTAL QUALITY
BOARD
RICHARD PATON
MINNESOTA GEOLOGICAL SURVEY
MATT S WALTON '
MINNESOTA GOVERNORS TASK FORCE ON
HIGH-LEVEL RADIOACTIVE WASTE
MISSISSIPPI ATTORNEY GENERALS OFFICE
MACK CAMERON
MISSISSIPPI BUREAU OF GEOLOGY
MICHALL B. L. BOGRAD
MISSISSIPPI CITIZENS AGAINST NUCLEAR
DISPOSAL
STANLLY DEAN FLINT
MISSISSIPEL DEPT OF ENERGY AND
TRANSPORTATION
RONALD | FORSYTHE (3
MISSISSIFPL DEPT OF NATURAL RESOURCES
ALVIN R. BICKER, JR.
CHARLES . BLALOCK
CURTNIS WL S10OVER

_ MISSISSIPPI DEPT OF WILDLIFE

_CONSERVAIION
KENNETH | GORDON
MISSISSIPPI EMERGENCY MANAGEMENT
AGEMCY ' -
JAMZS | MAHER ;
MISSISSIPPI HOPUSE OF REPRESENTATIVES
MACK MCINNIC
MISSISSIPP) LIBRARY COMMISSION
SARA TUBB
MISSISSIPPI MINERAL RESOURCES INSTITUTE
MISSISSIPPI POWER & LIGHT
ROBERT SHADDIX
MISSISSIPPI STATE BOARD OF HEALTH
EDDIE S, FUENTE
GUY R, WILSON
MISSISSIPPY STATE HOUSE OF
REPRESENTATIVES
E. FRED " OBBINS
HILLMAN TEROME FRAZIER
IERRY OKEEFE

MISSISSIPPI STATE SENATE
MARTIN T. SMITH
THIODORE SMITH
MISSISSIPPI STATE UNIVERSITY
TROY ). LASWIELL
VICTOR 1. 21TTA
MISSISSIPPIANS AGAINST DISPOSAL
ALICIA D, FFRGUSON
MITRE CORP
LESTER A TTTLINGER
MITSUBISHE METAL CORP
TATSLO ARIMA
MOAB NUCLEAR WASTE INFORMATION
OFFICE
MICHARLENT PENDLETON (2
MOAB TIMES-INDEPENDENT
SAMULL ). TAYLOR
MOBAY CHEMICAL CORP
KENNITH HL HASHIMOTO
MONTANA BUREAU OF MINES AND
GEOLOGY
EDWARD C. BINGILER
MONTICELLO HIGH SCHOOL LIBRARY
MEDIA CINTER
MONTICELLO NUCLEAR WASTE
INFORMATION OFFICE
CARL LISEMANN ()
MORRISON-KNUDSEN COMPANY INC
SLRGIKAMINSKRY
MICHELEL L PAURLEY
NATGRA - SWITZERLAND
HANS ISR
NATIONAL ACADEMY OF SCIENCES
JOUN T.HOLIOWAY
HAROLD 1. JANMES
NATIONAL AERONAUTICS AND SPACE
ADMINISTRATION
MICHALL R HELFERT
MICHAEL ZOFINSKY
NATIONAL BUREAU OF STANDARDS
RILEY M, CHUNG
NATIONAL HYDROLOGY RESEARCH
INSTITUTE - CANADA v
DENNIS | BOTTOMLEY
NATIONAL PARK SERVICE
TCECIL DOLEWIES, IR,
NATIONAL PARKS & CONSERVATION
ASSOCIATION
1. DISIRY JARVIS
TERRI MARTIN
NATIONAL SCIENCE FOUNDATION
ROYAL [. ROSTINBACH
NAVAL WEAPONS STATION EARLE
GENNARO MELLIS
NEW ENGLAND NUCLEAR CORP
KERRY BINNIERT
CHARITS B, KILLIAN )
NEW JERSEY INSTITUTE OF TECHNOLOGY
"BEN STEVENSON
NEW MEXICO BUREAU OF MINES AND
MINERAL RESOURCES
FRANK t. KOTTLOWSKI
NEW MEXICO ENVIRONMENTAL EVALUATION
GROUP
ROBERT H. NEILL
NEW MEXICO INSTITUE OF MINING
JOHN L, WILSON
NEW YORK DEPT OF HEALTH
DAVID AXELROD, M.D.
NEW YORX ENERGY RESEARCH &
DEVELOPMENT AUTHORITY
JOHN P, SPATH (8)
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NEW YORK GEOLOGICAL SURVEY
ROBIRT H I AKUNDINY
NEW YORK LEGISLATIVE COMMISSION ON
SCIENCE & TECHNOLOGY
TAMES T. MCEARLAND
NEW YORK STATE ASSEMBLY
MALRICE D, HINCHEY
ANGHO ORAZIO
NEW YORK STATE ATTORNEY GENERALS
OFFICE
L/ZRA L BIALIA
NEW YORK STATE ENERGY RESEARCH AND
DEVELOPMINT AUTHORITY
JOHN € DINIPSEY
NEW YORK STATE GEOLOGICAL SURVEY
JAMES R ALBANISE
NEW YORK STATE HEALTH DEPT
JOHN MATUSZEN
NEW YORK STATE PURLIC SERVICE
COMMISSION
FRID HAAG
NEW YORK STATE SINATE RESEARCH SERVICE
DAVID WHITEHEAD
NORTH CAROLINA STATE SENATE
1 R ALESHROOR
W.CRAGLAWING
NORTH CAROLUINA STATE UNIVERSITY
ARIMBERTEY
NORTH DAKOTA GEOLOGICAL SURVEY
DON T HAIVORSON
NORTHEAST OHIO FOUR COUNTY REGIONAL
PLANNING & DEVELOP'AENT
OHGANIZATION N
JOHN € PIERSON :
NORTHEAST UTILITIES SERVICE COMPANY
PATRICIA ANN OCONNEHI
NORTHWESTERN UNIVERSITY
BERNARD | WOOD
NTR GUVERRAMENT SERVICES
THOMAS Y, REYNOILDS
NUCLFAR ASSURANCE CORP
JOHN V. HOUSTON
JEAN RION
NUCLEAR ENERGY AGENCY/OECD - FRANCE
ANTHONY MULLER
NUCLEAR SAFETY RESEARCH ASSOCIATION
O 1ZUNMIRURIHARA
NUCLEAR SYSTEMS ASSOCIATES INC
CHARLIS ), DIVONA
NUCILEAR WASTE WATCHERS
HELEN TETARTI

. NUS CORP

W, GOBLUTER
- RODNEY L DAVIS

NCOBARRIE MCLEOD
BARRY N NAHI
DOLGEAS [ ORVIS
YONG M PARK

NUTECH ENGINEERS INC
GARRISON KOS
PALL CLSUN

NWT CORP
WL PEARL

OAK RIDGE NATIONAL LABORATORY
CARLOS L. BAMB!RGER
. O. BLOMIKL
H. C. CLAIBORNF
ALLEN G. CROTT
LESLIE R, DOLE
CATHY S TORE
C. A JONNSON
DAVID C. KOCHER
T F. LOMENICK
ELLEN DL SMITH



OFFICE OF ENVIORMENTAL AFFAIES
1A BOTIINGER (0
OFFICE OF PLANNING & BUDTET
CONNIE CRANDIE
OHIO ENVIRONMENTAL PROTECTION
AGINCY
HAROLD AL KON
OKLAHOMA STATE DEPT OF HEALTH
R CRAG
ONTARIO HYDRO - CANADA
ROW HARND
I N CHADEEY
A A CORNEHL
oL
ONTARIO MINISTRY OF THE ENVIRONMENT -
CANADA
FAAR MIREAND
UNTARIO RESEARCH FOUNDATION -
CANADA
PYDEA AL LU CNINICH
ORANGE COUNTY COMMUNITY COLLEGE
LAWRIENCEE OBRIEN
ORLGON DEPT OF INERGY
DONAID W, GODARD
OREGON STATE UNIVERSITY
TONN € RINGHE
ORGANISATION fOR ECONOMIC
COOPERATION AND DEVELOPMENT -
FRANCE
PELER D JOHNSTON
OTHA INC
TOSEPHEA TTEBERMAN
O.W.ER.
RALPIEDWLR
HAMRIVIL )
« 3, PACIFIC NORTHWEST LABORATORY
W. L BONNIR
DON ) BRADIEY
H. ¢ BURKHOLDIR
JOHN B, BURNHANM
1D, CHIKALLA
1.1, CLARK
HOYD N, HODGES
). M. JARRITT
MANR, KREITIR
ROBERT MCCATTUAM
1E MENDEE
1AL RUISIN
R.JEE SIRNE
RICHARD STRICKERT
CARL UNRUH
R. 1 AWESTIRMAN
). HLAVESTSIK, JR.
PARSONS BRINCKERHOFF QUADE &
DOUGLAS INC
1R RUESEL
ROBIRT PRIFIO
MARK L. STHINIR
PARSONS-RIDPATH
BRUNO LORAN )
KRISHNA SHRIVASTAVA
GHN AL STATFORD
PENBERVYY ELEC TROMILT INTERNATIONAL
INC
LARRY PENBERTHY
PENNSYLVANIA HOUSE OF REPRESENTATIVES
JAMES MANDERING )
PENNSYLVANIA STATE UNIVERSITY
MARY BARNES
MICHAL GRUTZLCK
DEEEA M ROY
WHEIANM B WHITE

PERMIAN BASIN REGIONAL PLANNING
COMMISSION
W CRAWTORD
PERRY COUNTY CITIZENS AGAINST NUCLEAR
WASTE DISPOSAL
MRS DU REEY FIANSON
WARKIN SERICAIAND
PEHIS WALLDY
PHIADELPHIA ELECTRIC COMPANY
JOHN T TUCOKER
PHYSIKALISCH-TECHNISCHE BUNDESANSTALT
- W. GIRMANY
PLEER BRENNECKE
HIORST SCHSTIDER
PINE FOREST REGIONAL LIBRARY
PIRGIM
RICHARD 1 VICK
POBERESKIN INC,
NMEYIR POBERESRIN
POINT BEACH NUCLEAR PLANT
JANIES | ZACH s
POLLUTION AND ENVIRONMENTAL
PROBLEMS
CATHIRING QUIGE,
POWER REACTOR AND NUCLFAR FUEL
DEVELOPMENT CORPORATION - JAPAN
PRESEARCH INC
REGONNIE T S\
PRESQUE ISLE COURTHOUSE
PSER G
TOHN | MOINER
PURLIC SIRVICE INDIANA
ROBIRT S WIGING
PURDUE UNIVERSITY
PALL S TYROUDIS
RALPI M, PARSONS COMPANY
JERROLD A HAGH
RANDALL COUNTY LIBRARY
RE/SPEC INC
GARY . CALLAHAN
PAUL . GNIRK
WHLAM € MCCTAIN
RED ROCK 4-WHEELERS
GLORGE SCHULA 17
REDDS CORP
MARK LEAVIT)
RESOURCE SYSTEMS INSTITUTE
RIRK R.SMETH
RHOADS MEMORIAL JUBRARY
RHODE ISLAND GOVERNORS ENERGY OFFICE
BRUCE VLD
RHODE ISLAND GOVERNORS OFFICE
JOHN A IVEY
RICHTON CITY HALL
R RAHAIN
RIO ALGOM CORP
DUANE MATLOCK .
ROCKWELL HANFORD OPERATIONS
RONALD C. ARNET
JAMES L. ASH
HARRY BABAD
LREHTCN
R.J. GIMERA
KARL AL LA RL
STEVELS | PHILLIPS
MICHAEL ). SAHTH
DAVID ., SOUTH
NORMAN A, SHGER
RICHARD 1 WILDE
ROCKWELL INTERNATIONAL ENERGY SYSTEMS
GROUP
HARRY PEARLMAN
LAVWRENCE ). SMITH
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ROGERS & ASSOCIATES ENGINEERING CORP
ARTHUR A SUTHEREAND

ROGERS, GOLDEN & HALPERN
JACK A HALPERN

ROY F. WESTON INC
MARTIN HANSON
RONALD MACDONALD
MICHALL Y, MELTINGER
SAN PANNG
LR SPE
ROBERT SCHUTER
DOUGEAS W TONKAY
LAMRENCE AWt

RPC INC
JAMES VANCE

S.E. LOGAN & ASSOCIATES INC
STANLEY B LOGAN

S.M. STOLLER CORP
ROBERT AN KL PP

SALT LAKE CITY PUHLIC LIBRARY

SALT LAKE CITY TRIBUNEF
NN WOULE

. SALTLAKE COUNTY LIBRARY SYSTEM

WHITMORE LIBRARY

SAN DIEGO GAS & ELECTRIC COMPANY
LOUIS BERNATH

SAN JOSE STATE UNIVERSITY SCHOOL OF

ENGINEERING

RONCANDERSON

SAN JUAN COUNTY COMMISSIONER
ROBIRT 1OW

 SAN JUAN RECORD

TOYCE MARDIA i
SANDIA NATIONAL LAGORATORIES

GoCOALLEN

NEN BEALL

MARGARET S, CIHiL

NANCY CEINLEY

THOMAS O HUNTIR

I RETHPOUANTONE

AR hf 7

1
Rwaf e (]
\;-\;y/-" AR
, 0
ol % Wnk

NESTORR, ORHZ
© W SNYDIR
DN UAL TALHIRT
LYNKN O IVHER
JVENDILL D, WEART
WIPP CENIRAL LTS
SARGENT & LUNDY ENGINEERS
LAWRENCE L HOLISH
SAVANNAH RIVER LABORATORY
1.4 HENNELLY
CAROL JANTZEN
WILLIAM R, MCDONLLL
DONALD ORTH
SCANDPOWER INC
DAN POMEROY
SCIAKY BROTHERS
JOUN C. JASPER
SCIENCE APPLICATIONS INC
JEFFRLY ARBITAL
JERRY J. COHEN
NADIA DAYEM
BARRY DIAL
MICHAEL B, GROSS
JAMES E. HAMMEIMAN
DEAN C. KAUL
DAVID H. LESTER
PLTER L. MCGRATH
JOHN L. MOSILR
HOWARD PRATT
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MICHAELE. SPALTH
M. D. VOIGELE
KRISHAN K. WAHI
ROBIRY A, YODIR
SENATE RESEARCH SERVICE
DAVID WHITEHIEAD
SENECA COUNTY DEPT OF PLANNING &
DEVELOPMENT
SERIOUS TEXANS AGAINST NUCLEAR
DISPOSAL (5.T.A.N.D)
DELBERT DIVIN
SHANNON & WILSON INC
HARVEY \V. PARKIR
SHIMIZU CONSTRUCTION COMPANY LTD
JUNIL TARAG
SHIMIZU CONSTRUCTION COMPANY LTD -
JAPAN
TAKASHI I8HI
SIERRA CLUB
MARVIN RESNTNOH
BROORS YEAGER
SIERRA CLUB - COLORADO OPIN SPACE
COUNCIL
ROY YOUNG
SIERRA CLUSB - MISSISSIPPI CHAPTER
SIERRA CLUB LEGAL DEFENSE FUND
1. ANTHONY RUCHITL
SLICKROCK COUNTRY COUNCIL
BRUCEHUCKO
LUCY K. WAITINGEORD
SOCIETY OF PROFESSIONAL ARCHEOLOGISTS
1. M. PHRSON -
SOGO TECHNOLOGY INC
HO C.CHIN
SOKAOGON CHIPPEWA COMMUNITY
ARLYN ACKEEY
SOUTH DAKOTA GEOLOGICAL SURVEY
RICHARD BRE 17
SOUTH DAKOTA SCHOOL OF MINES AND
TECHNOLOGY
CANER ZANBAR
SOUTH SALT LAKE LIBRARY
SOUTHEAST UTAH ASSOCIATION OF
GOVERNMENTS
WILHIAM D, HOWEL
SOUTHERN GROWTH POLICIES BOARD
SOUTHERN METHODIST UNIVERSITY
GHORGE W, CRAWLORD
TMELISSA DEBOWSKE
SOUTHERN STATES ENERGY BOARD
‘). F. CLARK
NANCY KAISER
SOUTHERN UTAH RESIDENTS CONCERNID
ABOUT THE ENVIRONMENT
SOUTHERN UTAH STATE COLLEGE LIBRARY
SOUTHWEST RESEARCH AND INFORMATION
CENTER
DON HANCOCK
ALISON P. MONROI
SPRINGVILLE CITY LIBRARY
SRI INTERNATIONAL (PS 285)
DIGBY MACDONALD
ST & E TECHNICAL SERVICES INC
STANLEY M. RLAINIR
ST. JOSEPH COLLEGE
CLAIRE MARICHAM
STANFORD UNIVERSITY
KONRAD B. KRAUSKOP
GFORGE A, PARKS
IRWIN REMSON

STATE UNIVERSITY OF NEW YORK COLLEGE AT
CORTLAND
JANMIES |, BUGH
STEARNS-ROGER SERVICES INC
VIRYEASCHEN
STONE & WEBSTER ENGINEE NG CORP
SUE NEWHANS
ARLENE €. PORT
EVERTTE N AWASHER
STUDSVIK ENERGITIKNIK AB - SWEDEN
ROLI SJOHLON
SWANSON ENVIRONMENTAL INC
PETER €. COLLINS
SWISHER COUNTY LIBRARY
SYRACUSE UNIVERSITY
WALTER MEYIR
LM, GATES INC
TODD N GATES
TECHNICAL INFORMATION PROJECT
DONALD PAY
TECHNICAL RESEARCH CENTRE OF FINLAND
SEPPO VEORI
TECHNICAL SERVICES AND
INSTRUMENTATION INC
BURTON ANDREPO!NT
TEKNEKRON RISEARCH INC
DOVGEANK. VO
TELEDYNE PiPL
FOBY A MAPLES
TERRA TIK INC
AHOSROW BARHTAR
TERRA THERMA INC
ADRIAN BROWN
TERRAFORM ENGINEERS, INC
FRANCIS S RENDORSK
TEXAS A & M UNIVERSITY
P DOMENICO
ROY W HANN R
STIVE MURDOCK
TLXAS ATTORNLY GINERALS OFFICE
MICHARL PEASTTR
TEXAS DEPT OF HEALTH
DAVID K. EACKER
TEXAS DEPT OF WATER RESOURCES
WKL
TORNOWILEES
TEXAS ENERGY COORDINATORS OFFICE
ARNUITO ORTIZ
TEXAS GOVERNORS OFFICE
STEVE TRISHMAN
R DANHL SMITH
TEXAS STATE HOUSE OF REPRESENTATIVES
PETE FANLY '
[TLEN SALYIRS
THE ANALYTIC SCIENCES CORP
FOHN W BARTIETT
CHARLES M.KOPLIK
THE EARTH TECHNOLOGY CORP
FRED AL DONATH
JOSEPH G, GIBSON
HA VITAR
MATTWIERNER
KENNETH L. WILSON
THOMSEN ASSOCIATES
C. 1. GAYNOR. I
TIMES-PICAYUNE
MARK SCHLLIESTHIN
TRANSNUCLEAR INC
BILL R. TEER
TRU WASTE SYSTEMS OFFICE
K. V. GILBERT
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TRW INC
PITER ALEXANDIR
TUN ISP 4AIL ATOMIC RESEARCH CENTRE
{PUSPATI)
SANISURDIN HIN AHAMAD
TUSKLGEE INSTITUTE
A G DILLON
U. S. DEPARTMENT OF ENERGY
ROGER MAYES
U. 5. NUCLEAR REGULATORY COMMISSION
DIVISION OF WASTE MANAGEMINT
AR KOVERMA s
ULOLE. - W, GERAMANY
FRANK STHNBRU A
U.S DIPT OF ENFRGY - SALT REPOSITORY
PROJECT OFFICE
b O N
U.S. ARMY CORPS OF ENGINEERS
ALAN BUCK
U.S. BURFAU OF LAND MANAGIMINT
JINE BIGGINS
PANSN JACKRSON
OGPNENODING
NARY PIUANMB
TDWARD R SCHERICK
U.S. BURTAU OF MINES
ANTHONY IANNACEHION
1.5, BUREAU OF RECLAMATION
[ONS, BROWN
REGELEACH
U.S, DEPT OF COMMERCE
PEIER A RONA
U8, DEPT OF ENERGY
CLED BRADHEY
RS OOPLRSTEHN
FAWRENCE HL HARMON
CARLNTWTON
IAMES T RI
1.5, DEPT OF ENERGY - ALBUQUIRQUIE
OPERATIONS OFFICE
PHILIP L ARRAG N T
R LOWERY
JOSEPH AL MCGOLGH
DORNER 1. SCHUH TR
1.5, DEPT OF ENERGY - CHICAGO
OPERATIONS OFFICE
NURLBUL UL
GARY C. MARSHALL
PUBLIC READING ROOAS
K. SHLBY :
U.S. DEPT OF ENERGY - CRYSTALLINE ROCK
PROJECT OFFICE
SALLY A, MANN
U.S. DEPT OF ENERGY - DIVISION OF WASI
REPOSITORY DEPLOYMINY
JET SSULEY )
U.S. DEPT OF ENERGY - GLOLOGIC
REPOSITORY DIVISION
{ W, BENNETT
C R COOLEY 2
1M FIOR
MARK W FRE
RALPH STEIN :
U.S. DEPT OF ENERGY - HEADQUARTLRS
PUBLIC READING ROOM
HENRY F. WALIER
U.S. DEPT OF ENERGY - IDAHO OPERATIONS
OFFICE
M. BARAINCA
CARL P. GERTZ
JAMES . LEONARD -
PUBLIC READING ROOM



U.S. DEPT OF ENERGY - NEVADA OPERATIONS
OFFICE
AUBLIC READING ROOM
DONALD L. VIETH
U.S. DEPT OF ENERGY - NUCLEAR WASTE
POLICY ACT OFFICE
ROBERT M. ROSSELLE
U.S. DEPT OF ENERGY - OAK RIDGE
OPERATIONS OFFICE
PUBLIC READING ROOM
U.S. DEPT OF ENERGY - OFFICE OF BASIC
ENERGY SCIENCES
MARK W, WITTILS
U.S. DEPT OF ENERGY - OFFICE OF DEFENSE
WASTE AND BYPRODUCTS
G. K. OIRTEL
U.S. DEPT OF ENERGY - OFFICE OF PROJECT
AND FACILITIES MANAGEMENT
D. L. HARTMAN
U.S. DEPT OF ENERGY - OFFICE OF STIENTII'C
AND TECHNICAL
U.S. DEPT OF ENERGY - RICHLAND
OPERATIONS OFFICE
J, SCHRIIBER
U.S. DEPT OF ENERGY - SAN FRANCISCO
OPERATIONS OFFICE
" ENERGY RESOURCES CENTER
LEN LANNI
PUBLIC REARQING ROOM
U.S. DEPT OF ENERGY - SAVANNAH RIVER
OPERATIONS OFFICE
1. B, HINDMAN
U.S. DEPT OF ENERTY - WEST VALLEY PROJECT
OFFICE
W, H. HANNUM
U.S. DEPT OF LABOR
ALEX G, SCHULLY
KELVIN K. WU
U.S. ENVIRONMENTAL PROTECTION AGENCY
DIVISION OF CRITERIA & STANDARDS
JAMES NEILISHL
U.S. ENVIRONMENTAL PROTECTION AGENCY
- REGION Il
JOYCE FELDMAN
U.S. GENERAL ACCOUNTING OFFICE
WILLIAM DAVID BROOKS
U.S. GEOLOGICAL SURVEY « ALEXANDRIA
G. NLRYALS
U.S. GEOLOGICAL SURVEY - COLUMBUS
AUMULA SALAL IR,
U.S. GEOLOGICAL SURVEY - DENVER
JESS ML CLEVELAND
ROBIRT ). HiTE
. GEOLOGICAL SURVEY - JACKSON
GARATD G. PARKER, JR
. GEOLOGICAL SURVEY - MENLO PARK
MICHAEL CLYNNI
. GEOLOGICAL SURVEY - RESTON
[-MING CHOU
NHIE PLUMMER
JOHN ROBERISON
EDWIN ROEDDER -
LUGENT H. ROSEBOOM, R,
DAVID B, STIWART
U.S. HOUSE C™ REPRESENTATIVES
BJEANINE HULL
U.S. HOUSE SUBCOMMITTEE ON ENERGY AND
THE ENVIRONMENT
MORRIS K. UDALL
U.S. NATIONAL PARK SERVICE
THOMAS CoWYILH

u.

wn

u.

wn

u.
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U.S. NUCLEAR REGULATORY COMMISSION
J. CALVIN BELOTE
LEON BERATAN
GEORGE BIRCHARD
R. BOVLE
KIEN C. CHANG
LILEEN CHEN
PATRICIA A, COMELLA
INRICO§. CONTI
. ROBERT COOK
JULIA ANN CORRADO
PAVIL F, GOLDBERG
MICHAEL S. KEARNEY
KYO KiM
MALCOLM R. KNAPP
JOHN C. MCKINLEY
NRC LIBRARY
JAY E. RHODERICK
DAVID M. ROHRER
R. JOIIN STARMER
NANCY STILL
KRISTIN B, WESTBROOK
EVERLTT A, WICK
UHDE GMBH - W. GERMANY
OLINGER
UNION CARBIDE CORP
GARY M. ANGELINO
DENNIS . FENNELLY
JOHN D, SHERMAN
UNION OF CONCERNED SCIENTISTS
MICHAEL FADEN
GORDON THOMPSO!S
UNION OIL COMPANY OF CALIFORNIA
BRAD GOVREAU
UNITED KINGDOM DEPT OF THE
ENVIRONMENT
©OF S FLATES
UNITED PRESS INTERNATIONAL
PETE GILLINS
UNIVERSITY OF AKRON
LORLTIA J. COLE
UNIVERSITY OF ALBERTA - CANADA
W, SCHWARTZ
UNIVERSITY OF ARIZONA
IAAK DAEMEN
JAMES G, MCCRAY
ROY G. POST
WILLES D, SAWYER, IR.
UNIVERSITY OF BRITISH COLUMBIA -
CANADA
R. ALLAN FRFEZF
UNIVERSITY OF CALIFORNIA AT BERKELEY
NEVILIE G. W, COOK
RICHARD £. GOODMAN
1ODD LAPORTE ™
THOMAS H. PIGIORD]
UNIVERSITY OF CALIFOR tlA AT LOS ANTFLES
12. OKRENT i}
KRIS PRISTON =
UNIVERSITY OF CALIFORNIA AT RIVERSIDE
LEWIS COHIEN
UNIVERSITY OF CINCINNATI
» ATTHA KILINC
UNIVERSITY OF DELAWARE
© FRANK A. KULACK!
UNIVERSITY OF FLORIDA
DAVID b, CLARK
DOLORIES C. JENKINS
AL ) OHANIAN @

UNIVERSITY OF HAWAI AT MANOA
DAVID EPP
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UNIVERSITY OF ILLINOIS AT URBANA -
CHAMPAIGN
DANILL F. HANG
ALBERT ). MACHIELS
MAGDI RAGHE
UNIVERSITY OF LOWELL
JAMES R. SHEFF
UNIVERSITY OF LULEA - SWEDEN
SVEN KNUTSSON
UNIVERSITY OF MARYLAND
AMERICAN NUCLEAR SOCIETY
MARVIN ROUSH
UNIVERS!YY OF MICHIGAN
V. iLLIAM KERR
UNIVERSITY OF MINNESOTA
CHARLES FAIRHURST
DONALD GILLIS
UNIVERSITY OF MISSISSIPPI
GFORGE D. BRUNTON
UNIVERSITY OF MISSOURS AT KANSAS CITY
EDWIN D, GOEBEL
SYED E. HASAN
UNIVERSITY OF MISSOURI AT ROLLA
ARVIND KUMAR
UNIVERSITY OF MODENA - ITALY
M. ANTONIN!
UNIVERSITY OF NEW MEXICO
HAROLD M, ANDERSON
DOUGLAS G. BROOKINS
RODNEY C. EWING v
UNIVERSITY OF NEWCASTLE UPON TYNE -
ENGLAND
1. W, FARMER
UNIVERSITY OF OKLAHOMA
DANIEL T. BOATRIGHT
UNIVERSITY OF OTTAWA - CANADA
TUNCER OREN
UNIVERSITY OF PITTSBURGH
B. L COHIN R
UNIVERSITY OF SOUTHERMN MISSISSIPPI
CHARLES R. BRENT
FRED HOWILL
JAMES W, PINSON
GARY €. WILDMAN
UNIVERSITY OF SOUTHWESTERN LOUISIANA
RICHARD t. BIRDSLYE
UNIVERSITY OF TEXAS AT AUSTIN
BUREAL OF ECONOAIC GLOLOGY
LARNESTF. GLOYNA
MARTIN P AL JACKSON
DALE KLEIN
JOU O LIDBEVIER
DOUGEAS C. RATCHIET
E GO WERMUND
UNIVERSITY OF TEXAS AT SAN ANTONIO
DONALD R. LEWIS
UNIVERSITY OF TOKYO - JAPAN
RYOHE KIYOSI
UNIVERSITY OF TORONTO - CANADA
N 5 HBRAR
UNIVERSITY OF UTAH
JAMES W, BUNGER
MARRIOTT LIBRARY
GARY M. SANDQUIST
UNMIVERSITY OF UTAH RESEARCH INSTITUTE
LIBRARY

' U.NIVERSITV OF WASHINGTO?'

CHRISTOPHER ). EARLE
UNIVERSITY OF WATERLOO
F. SYKES :
UNIVERSITY OF WISCONSIN AT MILWAUKEE
HOWARD PINCUS




UNIVERSITY OF WISCONSIN CENTER
LIBRARY - DOCUMENTS
UPPER PEASE SOIL AND WATER
CONSERVATION DISTRICT
W. H. MARSHALL
URS/JOHN A, BLUAAE & ASSOCIATES,
ENGINEERS
ANDREW B, CUNNINGHAM
UTAH DEPT OF NATURAL 1. 5OURCES &
ENERGY
MARK A. PAGL
UTAH DEPT OF TRANSPORTATION
DAVID LLOYD
MARK MUSURIS
UTAH DIVISION OF ENVIRONMENTAL
HEALTH
MARV H. MAXILL
UTAH DIVISION OF OIL, GAS & MINING
SALLY J. KLFER
UTAH DIVISION OF PARKS & RECREATION
JOHN KNUDSON
GORDON W. TOPHAM
UTAH DIVISION OT WILDLIFE RESOURCES
DARRELL NISH
UTAH ENERGY OFFICE
_ ROD MILLAR
UTAH ENVIRONMENTAL CENTER *
JUNE WICKHAM
UTAH GEOLOGICAL AND MINERAL SURVEY
GENFVIEVE ATWOOD
BILL LUND
MAGE YONETANI
UTAH MULTIPLE USE ADVISORY COUNCIL
DIXIE BARKER BARKSDALE
UTAH NUCLEAR WASTE EDUCATION
COMMITTEE
DEV LANNER
UTAH OFFICE OF THE GOVERNOR
ALENE BENTLEY
UTAH POWER AND LIGHT COMPANY
VAL FINIAYSON

]

UTAH SOUTHEASTERN DISTRICT HEALTH
DEPARTMENT

ROBERT L. TURLOW

UTAH STATE GEOLOGIC TASK FORCE
DAVID D, THESON

UTAH STATE GOVERNMENT
FRED NEISON

UTAH STATE PLANNING OFFICE
KENT BRIGGS

UTAH STATE UNIVERSITY
JOTLE HETCHER
MERRU LIBRARY AND LEARNING
IACK TSPINCE .
FAMES STEVENS

AUTAHNS AGAINST THE DUMP COALITION }

UTILITY DATA INSTITUTE
FRED YOST
VANDERBILT UNIVERSITY
FRANK | PARKER
VEPCO ’
B. HOAWAKEMAN

.VERMONT DEPT OF WATER RESOURCES AND

ENVIRONMENTAL ENGINEERING
CHARLES AL RATTE
VERMONT STATE NUCLEAR ADVISORY PANEL
VIRGINIA CALLAN

'VERMONT STATE SENATE

JOHN HOWLAND
VIRGINIA DEPT OF HEALTH
WILHIAM F. GIELEY
ROBLRT G, WICKLINIE
VIRGINIA DIVISION OF MINERAL RESOURCES
ROBIRT C. MILICI
VIRGINIA HOUSE OF DELEGATES
A VICTOR THOMAS
VIRGINIA MILITARY INSTITUTE
HENRY 1) SCHREIBIR -

VIRGINIA POLYTECHNICAL INSTITUTE AND,

STATE UNIVERSITY
GARY 1. DOWNLY
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WASHINCTON HOUSE OF REPRESENTATIVES
RAY ISAACSON
WASHINGTON STATE DEPT Of ECOLOGY
DAVID W, STEVINS
WATILAB
ROBL WAL
WEBSTER PARISH LIBRARY
WEST DADE REGIONAL LIBRARY
LOURDES BEANCO 1O/
WEST MICHIGAN ENVIRONMENTAL ACTION
COUNCIL
TRANK RUSWICK, KR
WIEST VALLEY NUCLEAR SERVICFS COMPANY
INC
CHRIS CHAPS AN
ERICH | MAYVER
WESTERN STATE COLLIGE
ERIDR PECK
WESTINGHOUSE ELECTRIC CORP
GEORGE V. B. 1AL
JAMIS HL SALING
JAMES R, SCHORNHOUST
WIPP PROJECT
WESHNGHOUSE ELECTRIC
CORPORATION
WISCONSIN DIVISION OF STATE ENERGY
ROBERT HALSIEAD
WOODS ROBERTSON ASSOCIATES - CANADA
WOODWARD-CLYDE CONSULTANTS
£ R CONWILE ()
ASHOK PATWARDHAN
WIESTIRN REGION LIBRARY
WRIGHT STATE UNIVERSITY
MICHAL FARREL
WYOMING GEOLOGICAL SURVEY
IANMEC C, CASE
YALE UNIVERSITY
G. R HONEAAN
BRIAN SKINNIR






